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PREFACE 


Some years ago, when I iirst bcnrame interested in the subject 
of compressed-air pumping, I endeavt^red to ol)lain a book, or 
literature (d stmie S(nt, that I could use as a guicie in the design 
ami installation of plants of this kind. I bnincl com|)arativ(‘ly 
little of any detinitc* value; in fact the (udy inhumiation I could 
gather was obtaintHl from air compressor manufacturers’ caia- 
lt»gut‘s, a few Ijrief articles in tecimica! society journals and 
engiiHHiing periodi(*als, and scune data in works on ccunpressed 
air wliiiii wcn^ viihvY tnore or less art* ptdilion of that contained 
in tatalogues, or wen* of a pun^Iy theoretical mtiure. 

It was evitient that I wouhi have to depcrnd upon my own 
effcirts ami experiments in Ifie held for any practieal working 
data tliat I might need. I was very fortunate in tlial I had 
lilt* opportunity to install ami tt‘st a number (d air lifts operat- 
ing under a, widi* rangi* (d eonditions and have eonseijuently 
amassetl a large vihume of data, dliis data I thought of siifTt- 
cient iiitrrest and value to ccuulense and publish. 

Ill preparing this book, I have end(»avor(‘d to jilare in the 
liamls id the student a. com|)ri*hensive tlieoniical study of the 
su!iji*i1, ami at the same time instruct the opcnating engiman 
ill the practii'a! economy essentials of tlie artua] insta.!!a.iiom 
1o reali/.e the first, I have ijunted fnnn tlu* works id Froft*ssors 
Klriici (J, Harris, (kairge Jacob Davis and Carl R. Wcidner^ 
and to rea!i/.e the last., I havi* inciiriiorated an a.Tlicle by i\Ir. 
Arthiir IL Diainant togethiT with my own data iditained. an 
before slated. 

Po lliorouglily understand eompressed-air pumping, it is 
iirresHary tlial -some knowledge of liydnuilii's and thcTmody* 
riaiiiics be had. In the later chapters, 1 have given briefly the 
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principles of both that should be known. Taken altogether, 
this work, I think, coritains all the information that is necessary 
to intelligently study, design, install and operate a compressed 
pumping plant of any size or capacity. 

I desire to express my thanks to the authors from whose 
works I have quoted and to the various manufacturers named in 
the text for furnishing the cuts needed. 


E. M. I. 
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ciiAr'rKR I 

PUMPING WATER BY DIRECT ACTION THROUGH 

PISTONS 


'riie use of compressed air as an agent for raising and trans- 
mitting water and other liijuhls and semi-li(jtiids is a eomj)ara- 
tivel\’ m‘w <lej>arture; Init such rapid strides have been made in 
its applii ation. ami so many systems devised and presi*nte<l that 
it now niters one of thi* imist inip<»rtanl lields of endeav’or for 
the I luniiressor. 'i'lie primipal advantage deriv<'d from the use 
of t ompresseil air, and the one that makes it so re;ulily adaptalde 
tti pumping, is the ease with whuh it can he transmitter! over 
great distatues and tlu* slight losses emountereil in so doing. 
I'nlike steam, there are no eomlensat ion ami Imt slight radiation 
losses; in fad the greatest lo.sses are those enused hy friitioii, 
and they will 1 h' rlisiussed at some length in thejaigesto follow. 
Water Horse Power. I'o lift water retiuires the e.xpemliture 
<»f work, and the amount of work rlepends upon the weight <tf 
wafer and the rii.stame it is raiserl, or 

** (/ X // (i) 

wliere 


(t work in foot pinimls; 

</ potimls of water; 

// tcdal lift imhiding friction. 

'I'he liorsi' power ne« essjiry is expressed hy: 

W.H.P. ^ 

d.hooo 

'rile value of // in (i) is {ammis of water per minute. 
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The Direct-acting Pump. — In mining, tunneling and other 
kindred operations, it is often found convenient to use compressed 
air in place of steam for operating the ordinary direct-acting 
plunger pump. This type of pump is rugged and reliable, but 
even when actuated with steam, for which it is designed, it is 
very uneconomical due to its mechanical construction. There 
are no flywheels, and, consequently, the steam or air must be 
admitted during the full length of the stroke, and at exhaust a 
cylinder full of air at nearly the initial pressure is discharged 
into the atmosphere. 

Theoretically, a cylinder full of air being used at full pressure 
is capable of performing the foot pounds of work shown in the 
following expressions: 

Q = 144 (-Pi - P)Vi (3) 

where 

Pi = absolute initial pressure in pounds per square inch; 

P = absolute final pressure in pounds per square inch; 

Vi = volume of air in cubic feet of compressed air. 

Remembering the familiar formula: 


whence 


where 


PiVi = WRT 

. 53.37 WTi 

Pi Pi 


W = weight in pounds of the air; 

R = 778 (Cj, - CJ = 53.37 for air; 

Ti = initial absolute temperature in degrees F. 

Substituting these values for the equivalents in 3 

e = i44(P,-P)5Mli!Xi 

Pi 


7685.3 


(4) 


If the pump is operating at 'N strokes per minute, i.e., being 
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willi uir at tlu* rate (if .V cyliiuters full per minute, the 
Imrst* power would he expressed hy; 


l.H.P. 

LHP. 


76.S5.A 

i.^,ooo 
p 

.... 


.V7',ir| 


(s) 


P'ornuila (5) does not lake into eonsideration the |)()wer neees- 
«-.iry to oveicoine the ineehanieal friction in tlie pumj) itself, nor 
Lies it take into aecount the losses <luc to fin* e.xcessive dearance 
It tile steam cylinder and jiorts of the j>uni[). Very large 
learam e sjiaces between cylinder heads and piston at the stroke 
•iid are |iro\ided .so as to form a cushion with the contained 
.team or air and thus eliminate any po.ssihility of the piston 
I rihing the lieads. These spaces are tilled with air at the initial 
»rc;-surc and tin- air js exhausted’into the atmosphere W'ithout 
faluing any return in work from it. The formula Just derived 
fum assumes m* ilearance or friction, and, tlierefore, is correct 
* jly for ide.d ((Uiditions wiiu h mean lOO per cent eUlciency. 

'I he average methaniial elVuiemy of a steam pump is about 
per cent, that is, .'o per tent of tlu‘ horse jniwer in the power 
i«l is ( (insumed in oven timing friction. 'Phe clearance lo.sse.s 
ill amount to .'o per cent; width means that this amount tif 
r in t stess of the volume reijuired hy pumping anti friction 
tjs! be provided to replace that lost in the clearanee spaces, 
■jrrefore. the net available htirse {tower for the actual raising 
the water is Jtist 64 }H*r cent of that imlicated in (5), or 

D.H.P. (6) 


I'viously, now, ftirmuhe {(>) and (2) are eijual bi each other. 
«• vtilume of air in cubic feet per minute necessary to {wrform 
frtain duty is tjuite easily determined. When tiiwraling at full 
insure, it is clear that a voUinictif comi>ressc;d air at a {iressure 
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equivalent to the dynamic water-head will lift the same volume 
of water in cubic feet against that head, or 

Fi = 0 (7) 

where Vi = volume of compressed air per minute and v = cubic 
feet of water per minute to be raised. 

This formula assumes, besides no losses, that the air and water 
cylinders have the same diameter, and is, therefore, adaptable 
only to the simplest case of direct-pressure ptunping. Expressed 
in cubic feet of free air per minute (7) becomes. 



and for gallons of water per minute instead of cubic feet becomes 

F-fx™ (8) 

F 7.481 

The actual amount of air may be approximated by adding 
20 per cent to the volmne obtained from the above formula. 
The air pressure necessary is found by dividing the total head H 
in feet by 2.31 and adding 20 per cent to overcome pump 
friction. 

The problem is not always as simple as this; in fact, more often 
the steam or air cylinder is of greater diameter than the water 
cylinder. This arrangement permits of the use of air under 
lower pressure per square inch than that which is equivalent to, 
or slightly higher than, the dynamic water head. A convenient 
formula for determining the amount of free air necessary to prunp 
an amoimt of water against a given pressure is * 

V=o,og^—— ( 9 ) 

Cylinder Proportioning. — Having given the duty and being 
able either to calculate or to assume other quantities, it is a simple 
matter to apply the empirical rules of practice and design suit- 
able air and water cylinders to conform to the requirements. 


* Ibid, 
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In Table i are given the volumes of air in cubic feet per minute 
necessary to raise water against various heights. The proper 
cylinder ratios for the various duties are also given.* 

Partial Expansion. — If the pump is fitted with a flywheel, 
crosshead, etc., the air then may be used expansively. That is, 
the air under full pressure is admitted only during a part of the 
stroke ; is then cut off, and the expansive force of the air completes 
the stroke. This is plainly a more economical method of opera- 



tion than the one just described. Referring to Fig. i, the work 
done in partial expansion is divided into three parts, namely: 

1. Work done during the admission of the air: 

Qi = 144 PiFi 

2. Work done during the expansion of the air: 

Cn = 778 IFC, (Ti - TO 

3. Back-pressure work: 

Qiii = - 144 PVi 

The total work done by the air during one stroke of the pump 
then is the algebraic sum of the three parts, or 
Q = Q.i-\-Qn~ Qiix 

= 144 PiFi -h 778 WC, (Ti - Ta) - 144 (10) 

Now 


T. WRT^ 

n-— 

C» = 0.169 


, WRT^ 
and Vi = — - — 

and R = 53.37 


* Laidlow-Dunn-Gordon Catalogue. 
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TABLE I 

Air Consumption of Simple Direct-acting Pumps 


Ratios of air to water-cylinder 










diameters 

o. 75 ~i 

0 . 875-1 

i-i 

I . I 25 ~I 

I. 25-1 

1. 5-1 

I. 75-1 

2-1 

2 . 2 S-I 


Air Pressure, loo pounds per square inch 


Head of water against which 

pump can work 

Cubic feet of air used per gal- 

104.0 

138.5 

185.0 

231.5 

288.0 

416.0 

555.0 

740.0 

925.0 

lon water pumped 

0.675 

i 

0.90 

1.2 

1.5 

1.88 

2.72 

3.60 

4.80 

6,0 


Air pressure. So pounds Per square inch 


Head of water against which 

pump can work 

Cubic feet of air used per gal- 

83.0 

1 

1 

III.O 

148.0 

181.0 

231.0 

333.0 

444.0 

592.0 

740.0 

lon water pumped 

0.557 

, 

0.70 

0.98 

1.24 

1.55 

2.23 

2.97 

3.96 

4.9s 


Air pressure, 6o pounds Per square inch 


Head of water against which 

pump can work 

Cubic feet of air used per gal- 

62.2 

83.2s 

ni.o 

138.7s 

173.0 

250.0 

333.0 

444.0 

555.0 

lon water pumped 

0.438 

0.59 

0.78 

0.98 

1.22 

1.765 

2.34 

3.13 

3.91 


Air pressure, so Pounds per square inch 


Head of water against which 

pump can work 

Cubic feet of air used per gal- 

52.0 

69.25 

97.5 

IIS . 75 

144. 5 

207. 5 

277.5 

370.0 

462.5 

Ion water pumped 

0.368 

o.sr 

0.68 

0.85 

1. 06 

1.53 

2.04 

2.72 

3.40 

Air pressure, 40 pounds per square inch 

Head of water against which 

pump can work 

Cubic feet of air used per gal- 

41.5 

55. 5 

74.0 

60. 5 

I15.S 

167.0 

222.0 

296.0 

370.0 

Ion water pumped 

0.32 

0-45 

0.60 

0.75 

0.895 

1.29 

1.80 

2.40 

3.0 


Air pressure, 30 pounds Per square inch 


Head of water against which 

pump can work 

Cubic feet of air used per gal- 

31.2 

41.62 

55.5 

69.37 

86.5 

125.0 

166.5 

222.0 

277.5 

lon water pumped 

0.262 

0.353 

0.47 

0.588 

0.732 

X.05 

1.41 

1.88 

2.35 


Air pressure, 20 pounds per square inch 


Head of water against which 
pump can work 

20.75 

27.75 

37.0 

30.25 

57.75 

87.0 

III.O 

148.0 

q 

in 

00 

Cubic feet of air used per gal- 
lon water pumped 

0.204 

0.274 

0.365 

1 

0.457 

0.569 

0.82 

1.09 

1.46 

1.83 
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Substituting these values in lo we have 

Q= 7685.28 [Ti + o.ii (Ti - Ta) - (ii) 

Like formula (3), the foregoing is true only for 100 per cent 
efficiency and where the clearance losses are zero. The mechanic 
cal efficiency and clearance losses of the crank and fl3rwheel 
pump are approximately the same as those of the direct-acting 
pump. 

By making the simple substitutions necessary in (ii), we may 
now derive an expression of reasonable accuracy showing the 
available horse power in a certain volume of compressed air for 
the actual lifting of water when the air is partially expanded in 
a cylinder of the crank and flywheel pump operating at N strokes 
per minute. 

D.H.P. = ^ l^ri + 2.46 (ri - T,) - Ti (12) 

The volume in cubic feet of free air per minute required to 
raise a given quantity of water against a known dynamic head 
when employing partial expansion will depend upon the quan- 
tity of air admitted to the cylinder, or the cut-off volume. 
The method of calculation is simple and consists in the substi- 
tution of the various values in (10) and solving for Fi. The 
value of V2 and T2 will depend upon the number of expansions 
employed, which is usually predetermined. The volume Vi 
may be then reduced to cubic feet of free air and corrections 
made for clearance volume in the cylinder. 

The initial pressure Pi is determined from the ratio of air 
cylinder to water cylinder diameters, and corrections made for 
frictional losses. 

Complete Expansion. — A still more economical method of 
applying air is to employ complete expansion in the cylinder; 
that is, allow the contained air after cut-off to expand down to 
the atmospheric pressure, or nearly so. To obtain a quick 
disposal of the air at the completion of the stroke of the pump, 
it is necessary that the exhaust pressure be slightly higher than 
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the atmospheric. For the sake of discussion and comprehension, 
we will assume here the theoretical condition, which is that the 
exhaust pressure is equal to the atmospheric pressure. 

The economical advantage of complete expansion over partial 
expansion lies in the fact that a shorter or earUer cut-off may 
be employed. For adiabatic expansion, the relation existing 
between pressures, volumes and temperatures throughout the 
stroke is quite the same as that for adiabatic compression of air 
given in Chapter IX. The expression for foot pounds of work is 
also similar to that for adiabatic compression, with the exception 
that necessary inversion of some of the values must be made. 

The formula is: 

e = 498.67 ] (13) 

Correcting for mechanical efficiency and clearance losses (13) 
becomes 

Q = 3i9.r5Pv[x-(£j''] ( 14 ) 

The available horse power, then, for lifting the water is expressed 
by ^ 

D.H.P. = 0.0097 - ( 0 ''] (is) 

The volume of free air necessary to perform any given duty 
may be determined, as before, by substitution in the formulae and 
solving for F. In Table 2 are given the cubic feet of free air per 
minute per I.H.P. required for different cut-offs. 

Cylinder Design. — In many instances when the change from 
steam to air operation is made, the steam pumps already on 
hand are pressed into service. These pumps are usually designed 
with a cylinder ratio to take care of an excessive drop in pressure 
between the boilers and pump. When air is applied, there is a 
comparatively slight pressure drop and, consequently, the air 
pressure at the pump throttle valve is far in excess of the stea m 
pressure formerly obtained at that point. The result is that the 
valve must be partially closed, and heavy losses due to wire- 
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TABLE 2 

Cubic Feet of Free Air per Minute Used in a Cylinder per I.H.P. 


Point of 
cut-off 


I 

3 

4 
2 
3 

i 
i 

i 

By F. C, Weber in Compressed Air, October, 1896. 

drawing friction are imposed. When such a change is made 
and old pumps must be used, they should at least be rearranged 
so that the cylinder ratios will be better suited to lifts under 
which they are to operate. A better method is to replace the 
old power cylinders with properly designed cylinders in order to 
meet the various duties. 

This cylinder designing is simple and consists merely in the 
substitution in the formulas of the number of strokes per minute, 
initial and final pressures for full pressure, partial or complete 
expansion operation depending upon the type of pumps, and 
solving for Fi. This volume is then divided by the strokes per 
minute to find the volume per stroke. Corrections are next 
made for the clearance and friction losses before mentioned. 
Since the stroke length is fixed, the cylinder diameter may be 
determined by applying the empiric rules. 

Compound Pumps. — The final temperatures of the air in the 
cylinders when cut-off is employed are very low and for this 
reason the utilization of the expansive force of compressed air 
was at one time considered impracticable. The theoretical 
exhaust temperature for any given set of conditions may be 
computed by substitution in the formula 

L ^ 

Pi \Til 


Gauge pressure, pounds 


30 

40 

so 

60 

70 

80 

90 

100 

no 

125 

23-3 

21.3 

20.2 

19.4 

18.8 

18.42 

18.10 

17.8 

17.62 

17.40 

18.7 

17. 1 

16. 1 

15-47 

15.0 

14.6 

14-35 

14-15 

13.98 

13.. 78 

17-85, 

16.2 

15.2 

14.5 

14.2 

13-75 

13-47 

13.28 

13.08 

12.90 

16.4 

I 4 -S 

13-5 

12.8 

12.3 

11.93 

II. 7 

11.48 

11.30 

II .10 

17-5 

15.2 

12.9 

11.85 

11.26 

10.8 

10.5 

10.21 

10,02 

9.78 

20.6 

15.6 

13-4 

13-3 

II. 4 

10.72 

10.31 

10. 0 

9-75 

9.42 


and solving for T, 
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The final temperatures met with in practi. c an- Iuk'Ikt than 
the theoretical ones because a certain arnmint c<t lu/al tiau'' 
mitted to the expanding air from the atino.-pheie iiir.mgii the 
cylinder walls and, also, some of the heat generated b>' the e.im 
pression of the clearance air at the en<i of eai h >truke i-. ab-'i a Ted 
by the incoming air. Moisture carried in the tiir teiid-^ l< - h .w et 
the temperature. When using air at tull pre>>iire tln-re o. i ;n * 
also a temperature reduction but this takes jdace in the e\h.iu 4 

{Kissa.u^i’s ais<! pipini!: limaii'-r 
in 

viiyv until tiu* imh 

tnifs am rrlt*a».ri!. 

(’iiiirr TU'tiifi.ir} wurlJii'.: 
tiir i’\h;iiP4 liisi 
puraflirr wri! !«*!**■«■ , * | , 

\vhr!i »iir r’l\ , 

amt «4trii ttlini um-i! aI fbu! 
ITir rrvtilf i-. 

in tli*^ |trrTi*iHr t4 iim. li'Anir'. 
Iijt uf tJir pulfT 
irirvitalilr aii*!. un 
afr l.iki'n. 
iiniiih''rriiji|r‘f! ^fiviAthm !■» 
inipuH„s]liii*, lilt' > 

lakrii h* prr\ rii! *if!' . 

wifliiirawal fhi* inMiunti' 
i|iiia|t’4 in llir- tnriM-t 
and also nr, If llir puiii|t 
thrtUt!i^ \‘a!\r and la .t! lit;/ 
IIh’ air jiiNl lirlMfr atliidflinn 
it to the pump cylinder. 11iis latter imuv^y r. immu h 
heating and Ls (Ume to raise the iiiifial triiiprralurr ihr i. *»iir 
pressed air to such an extent that ihr lrrn|*rr,i!iirr ,dtrt r\pMrdm. 
will be above the fretv.ing point^ of waiter. An a|ijiliaiii r tiii, li 
that illustrated in Idg. 2 is enij)h>yed and is t iiiiiiiiiiiily iur^nii 
as a reheater. 



Fig. 2. - IngiTsojI Kami Hdicalrr 
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Compound pumps have been operated with air used both at 
full pressure and expansively in each cylinder. For the same 
ratios of expansion, the final temperatures of air used expan- 
sively in a compound pump are higher than if but one cylinder 
were used throughout the range of expansions, but final temper- 
atures are still very low. Unless reheating in some form is em- 
ployed the ports and passages in the low-pressure cylinder will 
become clogged with ice. 

Compound pumps have been used in many ways as regards 
reheating and expanding the air, but by far the most satis- 
factory method is to furnish cold air to the high-pressure 
cylinder, exhaust into a reheater where the air is expanded 
and heated and then convey it to the low-pressure cylinder, 
using the air at fuU pressure throughout the stroke in both 
cylinders. 

Return-air System. — In 1891 Mr. Charles Cummings was 
granted a patent on a two-pipe system’^ of operating compressed 
air engines and pumps. This consisted of an additional pipe 
line connecting the exhaust of the pump with the compressor 
intake, and thus forming a closed circuit. By the use of this 
system the exhaust pressure of the pump, instead of being lost, 
is utilized in the air-compressor cylinder to increase the initial or 
intake pressure, thereby necessitating the expenditure of con- 
siderably less energy at the compressor. The same air is thus 
used over and again. Another advantage of the system is that 
less trouble is encountered in freezing because of the high ten- 
sion of the enclosed air. 

The system is best adapted to pumps operating with full 
pressure because of the absence of pulsations and consequent 
uniformity of flow of air to the compressor intake. 

The disadvantages are: complications of valves and piping, 
the high pressures necessary to high efficiency and the first cost. 
Since the piping necessary is double that used ordinarily, in 
very remote installations the first cost may become prohibitive; 
but for short-distance transmission the superior efficiency will 
undoubtedly overbalance the disadvantage. 
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Steam vs. Air. — Steam and air are alike in that they are both 
compressible gases, and both follow very closely thejaws of 
sensibly perfect gases. In expanding steam in a cylinder, com- 
paratively slight temperature losses are experienced. The steam 
cylinders are usually well insulated and every other precaution 
is taken to preserve the initial temperature. We may say, then, 
that during the expansion of the steam there is very little change 
of volume due to the reaction of the reducing temperature on the 
steam. 

In the case of air the conditions are quite different. Very 
soon after the compressed air leaves the compressor it is cooled 
down to the temperature of the surrounding atmosphere, and, 
consequently, the initial temperature of the air in the cylinder 
of the pump is also equal to that of the atmosphere. When 
expansion begins, the temperature of the air falls proportionately 
and the falling temperature reacts to reduce the pressure; and 
this reduction takes place even more rapidly than the pressure 
reduction due to the increasing volmne. 

Comparing the expansion of steam and air, it is easily seen that, 
with the same initial pressure and the same cut-off, the mean 
effective or average pressure throughout the stroke of the former 
is greater than that of the latter. This means that the expansion 
curve of steam is above the air-expansion curve and, consequently, 
the steam card is of greater area than the air card. To do the 
same amount of work with air then, a much greater volume or 
initial pressure of air is necessary than to do the samp work with 
steam. 


CHAPTER II 

THE DISPLACEMENT PUMP 


The need of a pump especially designed for use with com- 
pressed air and one capable of operation in isolated places without 
constant attention was recognized by a great many engineers 
and manufacturers and^ consequently, numerous applications for 
patents on such pumps were made. The majority of the designs 
presented were impracticable, but the basic principles were 
similar and the name applied to each was the ^Tneumatic Dis- 
placement Pump.’’ 

In the displacement pump, the compressed air is used to dis- 
place the water volume for volume in an enclosed tank or cham- 
ber. The air acts as the plunger, exerting the pressure directly 
upon the surface of the water. The use of pistons, packing glands 
and other wearing surfaces inside the chamber is thus eliminated, 
together with the mechanical friction losses so encountered. 

Figure 3 is a diagrammatic illustration of a single-tank (or 
chamber) displacement pump and shows the conditions existing 
when the discharge of water begins. The chamber has just 
previously been filled with water by gravity from an outside 
source and through the check valve indicated by the letter A, 
The compressed air is being admitted to the surface of the 
enclosed water through the three-way cock B, Water is being 
forced through the check discharge valve D and out through the 
pipe C to the point of discharge. When all the contained water 
has been discharged from the chamber, the three-way cock is 
shifted, cutting off the live air from the compressor, opening the 
chamber to the atmosphere and allowing the used air to escape. 
The weight of the column of water above closes the discharge 
valve D and the weight of the water outside the chamber forces 
the inlet valve open. As the air is exhausted, the water flows 
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in, occupying the space just previously filled with air. 
is shown diagrammatically in Fig. 4. When the chamb 
filled, the three-way cock is automatically returned to its < 
nal position, and live air is admitted. The inlet valve is 



Fig. 3. Fig. 4. 


closed and the discharge valve opened and pumping begun, 
so on. 

As in the direct-acting pump, air is used at full pressure in 
type of displacement pump and is exhausted into the atmosp 
at practically receiver pressure. As before pointed out, tl: 
a wasteful method of using air, but in the displacement p 
the total losses are considerably less than in the direct-a( 
pump. There are no mechanical friction losses to overc 
(except the slight friction in the three-way cock and the vat 
and the clearance losses are considerably less. Due to the 
sence of wearing surfaces in contact with the water, the 
placement pump can handle with ease quantities of solids, i 
and grit as well as acid-laden liquids without injury to itseli 
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In Fig. 5 is shown an outside view and in Fig. 6 a sectional 
view of the Halsey single-cylinder displacement pump as formerly 
manufactured by the Pneumatic Engineering Co. This pump is 
designed for submergence in the liquid to be pumped. The least 
allowable depth of submergence is indicated by the horizontal 



Fig. 5. — Halsey Displacement Pump. 

dashed line in Fig. 6. In lieu of submergence the intake of the 
pump may be connected by piping to an otherwise isolated water 
head that is equivalent to the depth of submergence required. 

As shown, the Halsey pump consists of a steel-riveted chamber, 
on the head of which is mounted two castings; one containing 
a piston air valve and operating mechanism, and the other con- 



PUMPING BY COMPRESSED AIR 


taining a ball-check discharge valve. Inside the chamber is 
float which rides on the rising and falling water surface and ovt 
a rod which is connected to the air-valve operating mechanisn 
Extending down from the discharge valve is a pipe of eqm 
diameter of discharge pipe and ending in a bell mouth near th 



bottom of the chamber. The operation is as follows: Wate 
enters the chamber through the swing-check foot valves, and th 
level rises inside, carrying the float. When the chamber is fille 
the float engages the upper collar shown on the rod and shift 
the air valve. The exhaust port is thus closed, compressed ai 
is admitted to the water surface and pumping begins. As th 
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surface of the water is lowered, the float follows until the 
chamber is empty, when the float engages the lower collar or 
the rod and the air valve is shifted to its original position. This 
shift cuts off the compressed air, opens the exhaust port and 
the used air escapes. The chamber again fills and the operatior 
is repeated. 

In Fig. 7 is shown a pair of Halsey pumps installed at different 
depths in a mine. Both pumps receive their air from a common 
pipe and also discharge into the same flow pipe. 


Water i j 



/i\ B 


Discharginjj 

J/llllllljrl 


The flow of water from this type of pump is intermittent, foi 
during the period of time required to exhaust the air and fill the 
chamber with water, the discharging has ceased. In the twin- 
chamber displacement pump this objection is almost entirel}; 
removed; for while one chamber is discharging, the other one 
is being filled, and, consequently, the only time lost to actual 
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i> tht* slu)rl [H‘ri(ul rt/quin-d by tin* valve nierhuiiisiii 
in nuA'in^ tlu' air vaKt*. S is a dia^rarninalic illust ratirm 

uf a |Hunpin;4 apparatus of this t ypt*. Tlie ftjur-way valve shown 
!nounU*<l alnne the t hanihta’ lu'ads controls thi* live air aiid 
“switches'* it troui chainlHa’ {a c hamber at the pnnier mcaneid. 
I1u‘ exhaust air from eac h c hambea' is also rc^j^ulaled I)y tlu* sanu* 
\ alvcc 

FiFurt* c) illustrates the conditions that exist durin|.^ tlu* time 
tfiat i hambta* A is lH‘injj; emptied uf its water and ciuunhea" H 


CViAlf t ^ 





4 i » » *»»«»» 



Flo. «>. 

i- beifi|.^ Iilled. "Ha* one is emptied in a stii'htly grcxiter hmidh 
o| time fh.in is recjuired to tdl the other. Immediately aftca' A 
i% eiiipiied of water flie {our way valve is automat icsilty sliillecl, 
and llie coiiipresMH! air from tlu* com}iresscu’ is admitted to /I, 
and fhr’ used air in d allowed to (‘scapu to the a.lmos|»lH*re. 
'riir*o* i«imliiions are lUusIrated in H. When tlu* water in 
/f iia- been pumped. A has bc’en tillcal and tlu* valve is again 
shilled, and J is einpthxl and B tdlca! witli water, and st» on. 

I'vu !i chamber is presided witli check inlet and disciiarge 
v.ik'C''^ wide h upt*rat<* in the same manner ixs those of the single 
iliairiber jniiiip previcaisly fiist'ussed. 
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In Figs. lo and ii are shown outside and sectional views of 
the Latta-Martin twin chamber displacement pump. This 
pump is also designed either for submergence in the liquid to be 
pumped or else connected by piping to an outside water head of 
sufficient height to.permit rapid filling of the chambers. 



Fig. io. — The Latta-Martin Pneumatic Displacement Pump. 


As shown, in each chamber there is provided a small copper 
float suspended on a pipe connected to the auxiliary valve 
above. Housed in suitable castings and mounted on top and 
across the chamber heads are two piston-controlling valves. 
The smaller one moves over ports connected with the main 
valve, and the arrangement is such that the small auxiliary 
valve (which is controlled by the float) controls the movements 
of the main valve which, in turn, controls the live-air supply. 
The operation of the pump is as follows: 

When the water level has been lowered in one tank to a point 
just above the discharge opening, the small copper float drops 
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!)}• gravity a <iistanrc uf alxuit ([uartt‘r (jf an iiicli. 'Fhe 
falling; ll«>at t arrir,*^ tiu* It‘Vt*r to whicii it is at taxiied, and a small 
port upi‘iu*d into whii li (‘ntca's sonu* of the surrounding air 
hold in t!u‘ i hamlna*. 'Flu* air passt‘s up through tlu* tloat pipe 
and intti pa^sigos in llu* valv(* < asting ahovt^ whit'h lead to the 
«‘nd of tIu* small auxiliary valve, dlie small auxiliar}’ valve is 


! 


Ilifi'. ‘’*hilleil lo l!ie oilier mid of its travel liy tlu* air pre^ssun* 
and ptjrf‘» leading to the main vaKa* arc* uneovered. ‘Fhis ad- 
niifs air pressure^ Icc main vah’e. d'lie main valve* is now nnwcsl 
aiai a pa-'sigcnvay coniKHiing the* live air supply and flu* pump 
chainlter I- optmtsF Fisa* air' is now a.dniittial to the ehamlHi* 
ihat lias l»a*ii iiHea! with waten* and the otlua* eliamlHU’ is <\\ 
liaii;Uf.*d oi file Used air. After t*mpt)'ing thcMsca'ond diamlnu* the* 
other i- lillesl with water and the valve movemtm! is re-ve'rsesl and 
oe «»ie In log. I -* i'** a txpieal LaUa'Ma.rtin pum|> iiislallatioii. 

Hgiire t is a se*eli*at of tlie Shone* Fneunuit le St‘wage Fjealeer. 
As shown, it c’oiisists eif an eiitdosea! ehaiiihcr proviehs! wit.h 
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suilalilt* stAvagt* ink*t aiul clisphar^i;t‘ coiuhhI ions, tof^t'ihcr with 
tlu‘ir t his k \al\'t*s. In^i<h* tlu‘ t hainlna* ara* two rast iron ht‘l!s 
iiifkt'ti loj^fthnr. 'riu* up]K*r In*!! is conntHlta! to tht^ autonialit* 
val\t' l>y a roc! passing thnni^Ji a. stufting box. I’he i^piTution 
t»f this pump is us ft>llt>\vs: 

W linn thf of tlu* M’wagt* has btam lowc‘rotl to tlu‘ |)oiih 

'-iiowit in ilu' illu>tratitHn tin* wright of tin* lowtT 1 k* 11 and 
ilN (oiittmls nujvos tlu* valvt* and tin* live* air is cut erff and 
iht' fwhau^l opcau'ci. d'hn inhh valve* is thnn <>pt*nfd by tlu* 
weight of tin* tliiid column and intlow of suwage* bogun. Wlma 
the* !f\c*l has nvu h(*d tlu* upper bt’lbair is i*neIos(*d and the* lc‘\’el 
continues to rise* annuid the* fn*il tintil the* buoyancy is suriitacmt 
to rai“-e the* Iowc*r Icell with the rotl and tlu* air valvt* is shiftca! 
he its first position. ’This tlosc's the c*xhaust port and atlinits 
coiiiprc'ssed air, when the t hamber eontc*nts arc* again pumpc'd 
cait, dlu-c* t'jectccrs arc* usual!) iustalltii in pairs gi\'irig in 
c ilct t a dofilile chainln’r unit. A tvpica! installation is shown in 
fdg. i.p 

Adviintiiges. 'I'he advantages c Iaim(‘d hy dis[)lac c*nient pump 
iiianufac 1 urers are brielly tlie ftelhuving: 

t. \c» t losr tilting or w<*aring surfac c-s in tlu* eliambers. 

.n No pi Ion leakage*, no mec imnic al fric lion and small c lear- 
am e losses. 

No t hangf‘% cu’ acijustnu’nts ncH'essary to adapt the* pmnp 
fee \ar\inp': eecnditions or lifts. 

4. 1 hi* abilit) of the pump to operate w!u*n submerges! iii the* 
lie|iiid and it-s ta< ilit y Un' handling large perc'enlagt's of 
solids and grit. 

y lairgc* * apacities. 

(♦. Afilcunafic control and tlie t'ons(*c|Uc*n! inipcnssilulify of 
rating, and little attenfictn necessary ley tlu* o}M*rator. 

Air Consumption* ■ ■■ 11ie vctlunie e»f compressed air necessary 
to ojieratc* .i «!i’-plat einent pump. ni*glc*cting tic‘a-raru.a*, is ecjiial 
fo the \'ohifiie of watc*r tee be punipt*d, cer r ■ where V • culuc 
feel ttf compressed air per minute* and v cubic feet of water 
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delivered per minute. Expressed in free air per minute, the 
expression becomes ^ 



where P is equal to the pressure pumped against and Pi is equal 
to 14.7 pounds or the atmospheric pressure. 

There is a loss of about 10 per cent due to clearance in the 
pump and hence, in applying the above formula, correction to 
this amount should be made. The pressure P is found by 
dividing the total dynamic water head in feet by 2.31 and adding 
14.7 pounds. 

To illustrate the method of application of the formulae given, 
assume a set of conditions as follows : 

With a total dynamic head of 100 feet, how many cubic feet 
of free air per minute are necessary to lift 500 gallons of water 
per minute? 


Pressure = 


100 

2.31 


= 43.4 pounds gauge 


or 58.1 pounds absolute. 

Cubic feet of water per minute = = 67. 

7.481 


Substituting in formula: 


Fi 


^ ^ 260 cubic feet of free air per minute. 

14.7 


To the air volume just found must be added 10 per cent to 
cover clearance losses, and to the pressure must be added the 
friction loss in the air line connecting the compressor and the 
pump. Also if piston-displacement volume is required to be 
found, a further correction of air volume is to be made for the 
volumetric efficiency of the compressor. 

Table 3 gives the cubic feet of free air per minute required to 
lift one gallon of water per minute against various pressures. 
The air volumes given are actual and a compressor capable of 
delivering the net amounts of air should be chosen. 
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Performance of a Displace- 
ment Pump. — Comparatively 
few dependable tests of the dis- 
placement pump have been made 
by disinterested engineers, and 
this may be accounted for by 
the fact that the system is so far 
superior to other methods of dis- 
tance pumping that exhaustive 
tests are not necessary to demon- 
strate the advantages. Then 
again, the system is new and 
competition of the few manu- 
facturers has not become suffi- 
ciently keen to necessitate duty 
guarantees and comparative 
tests. On the following pages 
are given the results of one test 
made by the writer on a dis- 
placement pump installed under 
rather severe conditions. These 
results with the explanatory re- 
marks will give a good idea of 
what may be expected from the 
system in the way of operating 
efficiency under similar condi- 
tions. 

General Remarks. — The 
source of water supply of the 
saw mill of the Louisiana Long 
Leaf Lumber Co. at Victoria, 
La., was a bayou located about 
a mile away from the engine 
room and log pond. Prior to 
1908, water was furnished by a 
direct-acting steam pump lo- 
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TABLE 3 

Cubic Feet Free Air Required per Gallon of Water at Various 
Pressures from 5 to 150 Pounds per Square Inch 


Gauge 

Cubic feet free 

Gauge 

Cubic feet free 

pressure. 

air required 

pressure. 

air required 

pounds 

per gallon 

pounds 

per gallon 


water 


water 
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i*ikni I'i'Hiii ilir air « y!iiiflt*r wilft a Ri»h«*ilN{»n iiidit atur 

ll!!t■'4 wilii a jtHijiiit pritay. 

CiimputiiticiiiSt 1”ht’ fri< fi«>n iti t!u’ air liiu* \v;is IuiuhI by 
jiLt? inr: a in thr air liiH’ at tlu* iiuiuji and ^*ubt rat liug thin 

iraiiifiK IrMfii that h| fhr rr« t’i\Tr gany,r. litaih i^augns 
tirw .Hill a'v-aintrtl Im br aci urah’. 

"thr !iiili»ai hr.H In tlir Wdivt linr wan »»l»tai!u*d by subtraiiini.^ 
llir a* lilal Iiira:-aiird stall* liistd l''t*nn tlir prrssurr lic^ad iildti'aJfci 
by liir gangr al thr jaimji. ‘blus tirad ditlrnaur imludtHl hiss 
diir tit flir rrstsiainr <4 thr puiiip tlisi hargi* vaJvcrs and uiumn'^ 
liMiis, 'I'lir air imrsr j»*nv4‘r amt vt»liiimirir‘ rflu irm'V \xvfv 
drtrriiiiiird frMiii thr iitdHat«>r diagrams in thr usual maniirr. 
11ir 1 %-afrr laff'sr jinwrr was drlrnnimal by mull l|ilyiiig flu* weight 
erf watrr iHim{*ri| pvt miiuilr iiv thr dynamic head and divitiing 
the ! by 
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Gated, together with a donkey boiler, on the bayou bank. This 
installation necessitated not only a day and a night man in at- 
tendance at the pump house, but also kept a team busy hauling 
wood for the boiler. In 1908 an Ingersoll-Rand compressor and 
an Allison displacement pump was installed. Fig. 15 is a 
diagrammatic illustration of the completed installation. 

Equipment. — The machinery installed consisted of the 
following: 

I 6 in. by 6 in. by 6 in. Class R. C. steam-driven compressor : 

Maker Ingersoll-Rand Company 

Rated speed in r.p.m 185 

Piston displacement per minute in cubic feet. . . 35 

Rated pressure in pounds 100 

I No. o air receiver: 

Maker Ingersoll-Rand Company 

Length in feet ‘ 6 

Diameter in inches 18 


The receiver was fitted with gauge, safety valve and blow-off 
valve and nipple. 

I Allison displacement pump : 

Maker Harris Air Pump Co. 

Diameters of cylinders in inches 18 

Length of cylinders in inches 18 

Rated capacity in G.P.M 25-30 

Figures 16 and 17 show the types of compressor and receiver 
used. 

The conditions under which the pump operated were the 
following: 


Length of water line in feet 4710 

Diameter of water line in inches 3 

Length of air line in feet 4851 

Diameter of air line in inches i J 

Static pumping head in feet 113 . 7 


Method of Test Procedure. — A number of trial runs were 
made as is usual in tests of this kind. During each trial, readings 
were made of the receiver gauges, boiler gauge and thermometer. 
The compressor revolutions were counted and diagrams were 
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1 he free uir consumption in cubic feet per minute was com- 
1 'll t ed by multiplying the cubic feet of piston displacement per 
nmuite by the volumetric efficiency. Corrections were made for 
intake temperature as read from 
the thermometer. The water 
pumped was measured by tim- 
iitu; the ilow in a barrel of known 
contents. This was easily 
and accurately accomplished ow- 
ini^ to the small quantity being 
handled. 

Results. — Table 4 is a log of 
^e^ult^ of the test together with 
tin* compulations made there- 
from. llie efficiencies obtained 
ai'i* tjuite low and show a wide 
\*ariation with the theoretical. 

1 )iM'i*garding clearance and leak- 
aiii* and neglecting the air neces- 
sar\ to operate the controlling 
\alvi* (which in this case was 
ijpta’ated with live air), the the- 
ory iiial efliciency would amount Fig. 17. — Ingersoll-Rand Receiver, 
to e.ppr«)ximatcly 35 per cent. The difference between the 
tlic’ortiical efficiency and the actual efficiency of the system 
foiiitti shows the waste of leakage and clearance and the power 
rcifuircd to operate the controlling valve. 

llic installation of the air equipment in place of the steam 
|itiitip proved to be a wise move. The cost of the compressor 
punil). |)iping, installation and labor amounted to $1284.00. 
Tht* old water line was used and the piping cost mentioned was 
tlu‘ purchase and laying of the i|-inch air line. With the com- 
jircssor located in the engine room, and under the supervision of 
I III* ri'gular operating force, and since the fuel cost was nothing, 
file (^pcTating expenses of the system were only the amount paid 
for cads, waste, packing, etc. The cost of operating the old steam 


THE UISVLM EMKST iT'MF 


33 


falls gradually on furtluT lu*ad increase. I'herefore, it is evident 
that. tt> realize the highest eltu'iency, pumi.>ing in stages is neces- 
sary, and the nu>re stages employed the liigher will l)e the 
eliii'iency. Fig. oj illustrates (|uite clearly the meaning of stage 
jmmjdng. 

The iiuinher of stages tt> In* einplcjyed depends largely upon 
liH al i onditions. It would have laa-n unwise, for inslam*e, to 
liavi‘ installed sevt*ral pumps at the Ltaiisiana Lt>ng laaf laimber 



iitill lirniiisr thr tjuaiitity t4 wairr rieected wm small a.fid 
tiir furl ffiHi iiil. Oilier «oiiiltlioiiH liiiiiliiig the inimher of 
are first totd., interest, drprreialiort and roiTiplieatioiis of 

I hr syr-4.rrii. 

Still another roii^hleraUtm that iiiuhI he taken into arcc.nini 
is that, ill stage jiunijiing where tfte ,air is tM*irig fiiriiishe<i to all 
by one stiiiply pi|'M% ihrottliiig losses occur unless great 
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pump, including wages of attendants and hauling of fuel, averaged 
$110.00 per month. This is exclusive of the supplies, such as 
oil, waste, and packing. The saving realized by the pneumatic 
equipment amounts to $1310.00 per year, and, consequently, the 
system pays for itself each year of operation. 

While all conditions may not be quite so favorable as these 
to the installation of the displacement pump, still there are few 
instances of long-distance pumping where the displacement 
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pump in some form will not show a high rate of interest on the 
amount of money so invested. 

EflBLciency, — In Fig. 18 are plotted two efficiency curves. 
The ordinate represents efficiency in per cent, and the abscissa 
represents feet of lift. The dotted curve is theoretical pumping 
efficiency and the solid curve is the actual efficiency plotted from 
average data furnished by several manufacturers of the displace- 
ment pump and from tests made by the writer. 

An examination of these curves shows that the efficiency falls 
rapidly with increase of pumping head from 10 to 100 feet and 
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When the water has been forced from tlie cylinder of the dis- 
placement pump, the air volume remaining is alhnved to est ape 
into the atmtjspiiere througli the controlling valvt*. Tliis air is 
at practically initial pressure anti, consequently, tlie entu'gy of 
expansion in the air is lost. If the exhaust from eai li c haniher 
is l)iped l)ac*k to the conqiressor intake, the cmtire s}'stem would 
!)e closixi \i> tlie atmosphere, and tlu* force of expansion in the 
air after tlisplacemenl (d tlie water in the pump i’hamhta' is 
exerted against the eomprc^ss^ir piston on the suction sith* and 
thus assists in the ctanpression of the air on tlie nnaase side of 
the piston. I'his the hasic* prim-ijde of the return air sy.stmn 
and, < learly, tlie ojieration is dec idedly more econmnic a! than 
that of the plain displacement jHunpiiig systems. 

Principle. ™ Figs. ,!o and ii are diagrams of a ni urn -air 
system witli sulimerged tanks. Rt‘fc‘rring to log, 11 Is tlie 
air cylinder of the tx»mpressor; J is an aulomatit^ comi>imsaling 
valve whose duly it is to rc*place any air that may from time to 
time lie lost !iy leakage, alisorption or in switch <iperation; F h 
the automatic switch which I'cnlnds the live and i»xliausf air to 
and from the tanks; /F and are the air jiipes cormeciing the 
tanks and the switc’li; E is the water disciiargc* pipe, whicli is 
coiinecte<I by branc'It pipes to the tank riscT pipes (h and A 
and B arc* tlie tanks, eadi fitted witli I'heck inlet and discharge 
valves similar to the plain dis|>Iacement pump. Tlie operation 
is as follows: 

In the diagram, Fig, 20, tank II has just Imm emptied of watco 
and the used air is Inang drawn into the comprt*ssor c^ylinder 
through the iiipe B\ As the air is thus being drawn into llie ctnn- 
pressor cylinder, the tank B is filling through the check valve 

M 
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care is used to divide the total head equally among the stages. 
A good rule to follow is to use one stage for each seventy-five 
feet of dynamic head. Under this head about 45 per cent 
efficiency can be looked for, and has been actually obtained in 
several instances. 

Design. — A properly designed mechanical installation of any 
sort is that combination of apparatus, the sum of whose operat- 
ing cost, interest and depreciation on the first cost, upkeep and 
complications is least for the conditions at hand. This applies 
everywhere, and to no appliances more fittingly than to pumping 
plants. The method to employ in designing a displacement 
pumping system is quite similar to that employed in the air-line 
design explained in a succeeding chapter. The operating cost 
plus interest and depreciation charges is estimated for single- and 
for multi-stage installations and the results are compared. That 
which shows the least cost, or, in other words, best over-aU effi- 
ciency is the design to adopt. After deciding on the apparatus, 
the water and air lines are designed in accordance with priuciples 
given in a later chapter. 
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fridion of itself InHuuse the pressures art* equal ou l>ot!i .sitlt^s 
of the piston, llu* rush of air tontinues until tlu* proNHiire 
througlunit thes}stein is e(|uali/e<l wlien, iiiunetliatelvs thtM uiii- 



i h. I 


{irehst^r faki-H up iln lu;id, eoniprehsini^ am! fiiriiishiii)^^ air in tlie 
tilled tank, and drawiiii^ air fr<mi the eiiipf}' lank, Wlieri ilir 
air pressure in {he empty tank is redueed helow flial of the leatrr 
head tmisidta tlieii indow liei^dns throiiifh the inlet eins'k vah'e.. 
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C 2' and at the same time live air is being forced through pipe 
A' into tank A, forcing the water out the discharge pipe B. 
When tank A has been emptied, tank B is full and the switch 
is automatically shifted and live air is admitted to tank B and 
the high-pressure air in tank A is returned to the compressor 
cylinder through the pipe A', and so on. 


Tripping Cylinder. 
Actuating Cylinder' 


fpAir Pressure 





Fig. 20. 


The air as it is exhausted from each pump chamber expands 
back through the air line and switch into the air cylinder through 
the inlet valves and out of the compressor cylinder through the 
discharge valves. It continues on through the other end of the 
switch down the other air line into the other chamber which has 
been filled with water. The compressor is operating all the 
while, but doing no work other than overcoming the mechanical 
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cikI of tlu* piston vah't*. ‘Thf otlu‘r caid »>! tlu* vaKt* i**! 

to aUnosplua'io pnssurf, an<l, tH)n>(‘<|urnl Iss tlu* prr^siirr difirf 
ciuv an the ends shifts the v alve. When tlu* tkher tank i filled, 
the evek* is rept‘att*d hut ri*verse in ;u lion. d1u* valvi* niav in* 
a«ijiistt‘t! t»> operali* on any retjuired vaiiiiun; :a> that if il i> 
neeessarv to uperati* witli a >uetiun lift lit tiu* tank-^, a ituri' 
spondin^dy hi,i;her vsu uiiin inav he |n'ovir|iil. In Mp. v.* i> an 
illustration uf tlu’^ swift in 

'The nu*ehanieal >\viti h i^ merely an a]»pli.uu i* vvhieli i*. mU !i» 
oi)erate at a pre<leternuned numlH*r o| revoluliMM. nt iIh* tom 
pn^ssor. 1lie retpiired numher of revidution . i*. tiiiennined hy 
etunputin^; tlie vttlunu* ol air neeessarv iu etmipletelv tlist liarpa* 
one ttf tile tank". I hest^ i tuiipnt at itae^. e;ui he made ver\ 
aiMiratt*!} hrltu't‘hamk luit a t hn k te^ h usnallv* nia«ie aHevr 
iiistallalitai t»f tlu* e»|uipinent. 

Compensating Valve. \ner iht^ .lem i . in ttpraaf then” 
will he terlain kt-a-. .dr tine !*> teakane ihroipdt impuai’ni 
jtu'nts in the pipine,. tim* tti alrHorptitui <»!’ tlie air hy the w.ileia 
and a small vstlnme t*l air is Ktmamunl in shiftim^ the an!«* 
iiiatie etmtrtilinp vahr,. ‘Dd^ lost air mii'4 fte repkiMsi h\ air 
from tlie almriNphere, otherwi-as the %ysleni in time will hettaiie 
iiu»perali\'ts ‘I'he los- i"» replaeed liv a t »un[Hae'aliiip, vah r 
eeo plated in the t taripri‘*’-»tir sneti«»n pipe Iniween thr 
swift !i aiu! flu* air t vJindtas l‘!d'» valve t-. nuu'ely an a! nuepdierii 
eheek whit ii ttpeie- when llu^ pre’H-airc* in the |npe tlrttp*, hrkiw 
lire iiermissihle vatumn. \ gkihe vahi* i** Uses! in ettiiiiei tiun 
with till* .iiiltuiiafie valve. Hiis glt#lir valve i*. jikned out 
.Nide the < tmipeiisif ilig valve and is sa adjusted tlia! the |iroper 
amount eif free air may he adiidlled white the s\'--4eiii i:- in 
i»|HU’alion. 

Starting. -When the retunvair plain tir-4 iHfaiied it 

lusessary !«» lirsf, eharge tlte system with air drawn I'rom the 
atiitos[4u*ns 'Vhv hrst lyele of ojjrration fheii is evailly- llii* 
same as lliaf of the offlinary clisplaefaiiriii pinup prevhtirdy 
disc'iissed, aiui free air is drawn info the «'iuiipressor ryliiidtu’ 
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The chambers are not necessarily submerged because as tl 
compressor continues to operate withdrawing air, a parti 
vacuum will be created in the air line and tank and water w: 
be lifted by vacuum, filling the tank. 

Switch. — There are two types of switches that may I 
employed in connection with the system, i.e., the automatic ar 
the mechanical. The choice of any type depends upon tl 


Fig. 2 2. 


conditions. The automatic typo is operated or thrown by th 
difference in air pressures inside and outside the system. Th 
device consists merely of a piston valve and each throw corre 
si)onds to the filling or emptying of one of the tanks. Referrin, 
to Fig. 20, the operation of the automatic switch is as follows 
Kcj[uilibrium of pressures has been established throughout th 
system, and tank B has been filled with water by gravity. A 
the compressor continues to operate, a partial vacuum is create{ 
in the piping above the water level in the filled tank, and on on< 
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thnmgh the ceinpensuting and globe valves. After tlic reciiiiret! 
pressure has been established thrntjgluait the system, iht* euiir.' 
peiisatiug valve elt)ses auttmiatieally ainl the refuni-air prineiplt* 
lH*gi!IS. 

In Mgs. and art* shown two views a return-air sys- 

tem installed at iht* plant of tlie Ih'illaiKl Sugar C'o. llu* 
capaeily this plant was .?,^p^oaK'X) galluiis of wa.U‘r per diiy td 
lwenly~hmr Iiours and ihv lift, 70 fwt. 

Proportioning. Professor Idmo (J. Harris in a tltM/ussioit 
published in \*oluine LI\' t»f the Anieriean ScH'iety of C‘ivil 
Engineers has preparetl a matheinatii al analysis td i!ie return- 
air system. 11ns analysis is given in full tai tlie following pages, 

Harris Theory. ‘'With iht* development of this .systeiii td 
pumping, many jtrobknns have fmen prestmted f«ir solution, some 
purely meeliaruKd, while others reiiuire a mafhem;ilic-al analysis. 
The latter have proved very interesting and instruetive. 

In tlie pros ess rd sm li analysis, it. will be nei'essary to use flit! 
folli'iwing s)'inl« 4 s, 11iough the analysis may be ismsiciered 
infrii'atfs llie final formula* are iinexpcsiedly simple ami easy 
cd a|#pli« afion. 

^ Iirfivrry pressure ■■■■ a eonstant in ptnnuis per 
St glare imli; 

P'l Ih'rsHiire ihrougluiul the system imineiliately after 

swift hing, 

■ Pressure of air entering eornpressor a variatile; 

V - \ 1 duiiie of one pump tank a t^oiisfani in 
I ubii feet; 

■ ' \ 14 ume of air in delivering lank at pressure I\, 
a variable; 

nV - id one air |dpe; 

^1 i*rrshiire a1., whieh water hegitis lo enter lank from 
ivhifh air is liring isthausfrd, 

p,, .lanvrsf j.iressure reai hrd (this rrta.irs jus! ladore 

sivitehing); 

Idler live vfdimuu intakr of vmnpnmm, in niliir 
feel jH*r 



RK'rUKN-AlR SVSriCM 


43 


' Hen(*e, 

PJ^ (i + ;i) + pjiV - PJ^ (i + ;/.) + />, (F, + (i8) 


simplify, put p„ — - " au(i ccjuatiun (uH) reduces to 

P., V(i-h>i) 


■ ‘A- 

“ Substituti^ i*4uutit)ii (itj) iu tnjuatiou f 17), and 


d(J I ' i I 1“ w ) - 


V . -t- 


“ fniet^ratiug between the limits, 1'^ Fi and -- o, there 
n‘.sulls: 


O V It d fi) lug,. 




I.et Vi reprtseni the vuhiine t»f air in tlu! <ielivery» ur higlt« 
pressure laiik, wh«*ii water liegins hi enter the ut.her; that is, 
when the pressure in tlu^ other lank has dropped Ic^ /n; this 
marks a eliainte in I In* operation; see log. .*5. Just at tliLsperhid 
tlierc* lines! be enough air, at the prc•s^iure /n in the* volume 
F t'l I Hi, to till the spare V ' Fi, at the pressure in the 
other lank, a, ml il:4 «nvit air jitjie at the pressure /?„. Ilerita,:* the 
i'f|iialiori: 

PtVii f »i ear - r,) \ p.,nv (n) 

or i'Xi ' r(/'„ - pi f- n(p„ - /^i)l 

*' Now, « is a frat tiutj, ami /»„aiui pi arc small and nearly 
in prattivi', heiuf n {p„ - pi) t an Uf m-gkalcd. 'i'hen: 


Vi -p( 7 *„-/>i) 
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= Average water delivery, in cubic feet per second; 

Q = Total volume taken into compressor, while work- 
ing pressure down from Pi to pi, or approxi- 
mately Po to pi in any case and approximately 
Po to po when tanks are near surface of water 
supply; 

Ro = ratio — ; 

po 

T> 4 .* -^1 

Ri = ratio — 

Pi 

^^AIl pressures are ^ absolute,^ that is, gauge pressure + 14.7 
pounds. 

Compressor Capacity (= g^). — The first problem is to find 
the necessary intake capacity of the compressor. In this, fortu- 
nately, the problems of work and temperature inside the com- 
pressor need not be considered, and, therefore, in the analysis, 
the temperature of the air may be considered as constant, though 
it will be necessary, finally, to apply a coefficient to provide for 
the effect of expansion due to the heating of the air as it passes 
through the hot intake valves. 

Assume that a small volume dQ of air at the pressure P^ is 
taken out of the exhausting tank and forced into the delivery 
tank, where the pressure is Po, and its volume is dVy, then, by 
the law that the pressure multiplied by the volume is constant: 

P, dQ = dV,; or dQ = ^dV, (17) 

Also, by the same law, the sum of the product of the pressure 
multiplied by the volume must be constant, since the quantity 
(or mass) of air in the system does not change. When one tank 
is full of water, and its air pipe is full of air at the pressure, po, 
the other tank and air pipe must be full of air at the pressure, Po» 
Under this condition, the sum of the products is 

PoV (i + ^) + poVn 

At any other time the sum of the product is 

PJ{^+n)+Po{Vy + nV) 
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Putting Cijuatiun (22) in etjualiun (20), there results 


V (I + n) 


Hi lug% 


putting ^‘*in plac e uf 

“ New, as licfure statinl, np,, will !»e c|uite small, as caunpared 
witli /h. it can In* iiegkn1i-‘(l, if clesiretl, simplify tlie 

fcainulas Kquatiun ( 22 ) w<ml<i then hcHume 

{) Vunnhi^J/ (>.i) 

h 

givc‘S a simj»lc* furmtila f*»r CK the volume taken into the 
eiaiipre.Hst*r wiiih’ miming the’ prcseairc* fmm l\, tu cin a tank 
fu!! cd airi. 1 ‘h he iirc’fise. it slnnihi imw !h* mnieed that tlie 
cjpta'alinn hegim'^ priipialy with a pressure Pi s«imew!ial less 
than /h- 'this is «ine tn the e,\j'U4nsion infn the luwqmmiire 
jiifies jus! after switc hing. Thh pressure* Pi can he* hiund readily 
Iiy the i'eniiliiiuii i»i fhi* eil tlie sums uf tin* pruilm Is e>]’ 

the vcdiiiiies h}' the pressure's, llnis, tnjtialing the* siiiuh just 
hefure ami after switching, thc*re rc^sults 

P% (T \ 2 i\X n f ril f pjiV 


!*u thm fuiirifh w*uul4 he put In plaer uf /h in ei|tiatiuii 

“ llie ell re t nf fri* liun in i!ir air pij«* I.Hiw’eiai liie tank amt 
the ii»iii|fri":ssur inn.si nuw fie c.unsiiltaecl. 

Wlieri till' |ires‘4ire uf t!ie intake uf the euiiipressur is /’h, that 
in llir tank frum wliiih the air in clrawii will be greater hy llic* 
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' paonou jod ojqnn 

jCjoAipn> JO ,>it;4g 


ojnHiiiUd JO oiVDS ^ S 


252 273 300 338 359 
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“ Flitting ec|UMtitm (.!.!) in rc|uatiun (jo), there results 

(J r ( i + III lug, 

Vil f 111 lug 

/> 

putting ^ *’ in phu c* uf ly, 

“ Xuw; as lieftin* sta!e«h ii/t. will he quite sinall, as <'unip;ireil 
with aial it *aii ht^ lii'gin ted, if di'sired, lu ailliplily the* 
fornuilas 1‘aiuatiiui |;jI wuutd then laniune 

/* 

{> t M ! " i:{) 

pi 




1‘iiis gives a sinipte hininila fur (h vuliniie tahen int^t the 
euiiijir'i'hNur while leihning the prt‘-.-a]ire Imtu /*.„. lu /s ufi a l.utk 
full uf .lir u d ll lie pren-'4.\ it ;4pnilti nuw !*e nuliird that the 
upi'ratiuii lirgjns prupful)- with a presanr }\ aunirwhal Ir-s-i 
than /h- h due |u the r\pan'4»ai intu llie hnv pi'e'v'a.iie 

jiipes jie4 after :4vil« lung, llii-’ jfH''',:*uie I\ t an he n»iiiid readily 
hv thv iMiithlieai uf thf'’ * uu-aam ) ui the ;aaiir. uf I hr* |Uudu* I:- uf 
the Viiliiine-. hy the ]U'r'-‘ane^ ‘I'hiea rqtjalillg file Jii:4 

hefiw and after swif* hing, lliere re’.uh‘» 



1*1, tlillH futind, wutiltl he piit in pin r uf /g in rsjiiafiuii i * 

“Hie liiei I ed fii^ Isun in fla* air pipe hrlwreii I'lie lank and 
the I fiiiipreHHi If ii«n% he « ?iie-4derrd. 

“ W'lirfi file prevairr *4 the iniakr uf 1111“ I i', /k, flial 

ill itie tank Iruiii the air F dfawii will he giealrr h}' Ihr 
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Scale of time in seconds. 

Fig. 25. 
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a cubic fuot <>f water tltnvs in. Hence, cvulcntly, the time con- 
sumeci in this last jienoci of the cycle is 

r 




and till! Intal time*. 


(lu 


T /, f /, * i ' (I -|-?j)(t 

pi 

If (/„ is the average rate of <!elivery of the water, evidently 

V 


whenee 


</„ v<. 


I i t I i u ) (I f 




(>« 


which is tlu* desimi eqiiatiuii. 

" In pniilicc k rditniM nttf rxi'i^ed o.i.aiai will usually be less. 
If great is |ii lie altemijitech e«jua.tion (.!tcl must lie 

snlveti by a teiitalive proi'rss, for k is a fumiion t>f r/,,, k may be 
first assimic‘d as o. i, to an approximatt* valm* tif vvluuict* 

? in tiiitalive pruress. for k is a fuutliim of r/.,, k may be hrsi 
UHSiniieil as 0.1* to gel all approximate value of r/,,, whiiui* v in 
ei|iiatiefit and a closer value of k* This will be sutiieiently 
close for |>ratiiir, 

"* It is probalibc iisrless In atteiujif extreme jiretisicm in these 
coiiipiitalioiis* on miiniiit iif tnuperature tliangtss whit'h c'amiot 
be toriiiiikiietL lirme. ,is a sale and simple working formula, 
the following may be iiM‘d: 



i.i {i d- n) hig 


P. 

A, 


fht will !«‘ itear alriierHpfirrie presnure {or 15), t.hal is, 

when the taiiks are near siirfau* of the xeater, inil it may be 
greater or less, ai'cordiiig to mdielJier the tanks are submerged tir 
placed atiove the wafer* inspection of ecjuathm (.’n) rex*eals the 
fact Itial till* greaica /c, is, tin* less will In* r/.,. For tliis reamui 
there is an ativaiibige in having the tanks sulimergeiL 
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amount lost in frittkm wiiih- p.iK-in.u thT>my.h tiu- jiijn-. 'flu- 
equation for this loss is, in ionn, 

where c is an exfHTinuiita! i . FriHii thr vxpvti 

mental data ubtainafilr. it i> hnm4 hr afnmi 

/ == lost pressure, in puuiid'^ prr --juarr in- li; 

I = length of riijHr in irri; 
d = diameter of pijtr. in iialH--. 

V = velcH’ity of air in pi|-*r, in Irri p.rr an!, 

R = ralu>i>f eomprr^^duin in atm-'phrfr . 

In many rules far etanpnling llir 1.^.' ul, i|ii. i 4 i|i,r ^ 

is erroneouslv omitted- In * a R ■ air!. j.,, 

U ; 

variable, tail in any iri>la!!a!i»jn all Atr in ihr biriiiiila 

except Pj. Hiern for simplii ity. Iri 

OXM.m.:’* ^ ! 

^ ^ I I 

^*'rhen the b^sl pressure wonlrl in riy, a. iIimh 

P^(i + should be ill pl.M tU /\,, Unt th^, uil! im tiu 
way change the punrhs by lUm fj . .!■- »|riivr4. 

With this cliange eijtiaiion ^ 

O r (I 4 II i « t ^ ■ 

/ -• 

“If the conij>n'ssor tak,-. iit >s %»ilyir,r y j . j i . f|,, jjjt,,- 
consumcd in working ihr ij. si - i , 

h •- i i 4 n ’ i -• k 

'h ' t, 

“During the rcmainiirr of iln- !?n.r in ..»<■ ?};,• j, 

flowing into thr tank, following i4p fl.r Alt. -Ur! |! ,if 

noarly constant proHstirc (when thr luight .a ih.- t.Uik i ..j.iy a 
few feet), in other wurtls* fur rvcfy^ #4 uir t akru fuif, 
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Evidently, if the air is heated by contact with hot surfaces 
while entering the compressor, the effective intake capacity is 
reduced. To allow for this circumstance, qa, as above computed, 

should be multiplied by 2, where n and t 2 are the absolute tem- 
peratures before and after enteriag the compressor, respectively. 

“ Maximum Rate of Work. — The compressor capacity having 
been determined, the next problem in the design of a plant is to 
find the maximum rate of work for which provision must be made 
in the steam end of the compressor. The nature of this problem 
can best be presented by first studying the case of isothermal 
compression. In this the well-known formula for work, using 
the symbols heretofore applied, is 

p 

Work per second = X log-^ (27) 

“ In this, Pi is variable, and, evidently, the work will be o 
when Pi = o, and again, when P* = P„ (since log 1=0), and, 
by the method of calculus, it is found to be a maximum when 

P . P 

log-ry = I ; that is, when — - = 2.72. 

■* X ^ X 

Note that hyperbolic logarithms must be used in all the fore- 
going ecpiations as they appear. If common logarithms are to 
be used, multiply by 2.3. 

'' Inserting the condition for a maximum in equation (27) and 
reducing to foot jxmnds per second, there results 

Maximum work = 

A curve showing the work by equation (27) is given in Fig. 
25. In |>ractice the curve does not reach zero at either end. 

‘‘ ilnd the maximum work when temperature changes are 
(‘oiisidered, one must start with the established formula for work 
when compression is adiabatic, viz.: 


n— 1 



Work = 


(28) 
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wiuiT /I till* ‘ tfiii|H'raturv rxp<»!u*nt’ ;uh1 i‘(|u;i!s 1.41 whtii iiu 
<H.H iirs. 

“ liv thi* iiifllitHls n! t!u‘ i alfulus ftjuatioii usSl will 1 h‘ fuuiui to 


he till* ma.vuuiuii 


wli.n 


/i; or whiii I\ 


lliis, iiiM'ileii in i.nSJ.. ^ives 

M.uiiuuiit w»trk ^ f' (jm^ 

it * 

When II I •■■I I III. i\iMniin Work n.e 4 /’,//.* loot jioiinds [ht sreoniL 

When n \ * niaxiniuni work /^</., tot»t ptmiuls per sei'oiHh 

Wlien n i.w !iia\iinvnn woik •;;.<> /*„»/,, lotit ponmls per seetjud, 

the la^l iiiiiiil>er li.iviin! heeii drrivt'd l»y analy>i> of' equation {rp. 
“• Ar. a Nifiiph'* aj*pio\iniate rule, the nia\iinurit Iiorse power rail* 

iiia\ hi' taken a - o % /*.?/,, 

'■ "I Ills ii:i.i\iiiiurii late should no! I?e M»nlused with the avrraj.!^*, 
“Efficiency. Jlie onU los, <4 tuiern^ thariteaUle to tlu’^» .sys ^ 
|iiii is lliat I aU'^ed In the drop in pressure due ti» t*xpaie 4 on into 
the low piessirie pipe jirU alter suifihitrit 'I'his ilrop ih shown 
ill ef|Ma!ioii ( .s| • 'I !u' ratio oi this 1 hauKe of pri*:-vsure is 


ImI' siiiiplii in . The iirM”.sar> ^\«ak to lesttU’r this prcMsurr is 
r I -1 M 5 r 

while tip' train! work done dufiiiK a * y« h’ is 1 f\, ■ 14 . ya j ^ that, 

is. file wafri displ.u rd l■ml!lipliri| liy the prt^sHiire, llrme 


Ivltieiiin V 


^/T t-l p l\_ 

{ i*, $ 4,7 '■ r f i\.V M I III Ui^ r 


I r H f in log r 

/k 14 - 1 
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Losses due to heat and friction are not included. It should be 
noticed that this loss is dependent on n. Its amount is illus- 
trated by the following: E changes but little with other values 
of Po and po- 

= loo ( » = o.i 0.2 0.4 0.6 0.8 i.o 
p„ — 14. 7( E = 0.91 0.85 0.74 0.66 0.60 0.55 

“ Friction Losses. — In the operation of a plant the velocity in 
the intake pipe will be constant but the pressure variable, while, 
in the discharge air pipe, the pressure will be constant and the 
velocity variable. According to equation (25), the loss in the 
intake is, in pounds per square inch. 


0.000002 l_ 
14.7 d 


V^P^ = kP,=U 


and the loss due to the same air passing through the discharge 
pipe at the pressure P„ is 


0.000002 I fP 


V] P„ = k- 


14.7 d\P„ J " Po ' 

To find the friction losses at intervals in the cycle, or to show 
such by a curve, assume convenient intervals of time (5 or 10 
seconds) which indicate by Then 

0(1 + w) (i -f ^)log^ 

/ _ \/x £_£ 


Whence, adapting to common logarithms. 


logic Px = logic Pi 


F(i -b n) (i + k) 


(0.434) 


Thus, tabulate corresponding to and apply the slide-rule to 
get the friction losses from equations (31) and (32). 

At any time the rate of water discharge will be 


KK1 1'KN' \iK S\S'M:M 


5 '^ 

“This can !h‘ tahulatc<l with the other ([uantitieSj arul the 
frit tiini loss in the water pipe wt>rked tnil act'onlini^ly hy well- 
knowii formula’, ('urves wtirktnl out hy the fcjregihng metho<is 
are shown in k’ig. 

Basrci t>n Prof. Harris' formula, 'Fable 5 luis Inam pn‘par«ai Iiy 
Mr. II. 'F. Abrams and iiu haled in a let lure <lelivered before the 
Junua* Class of C 'oluinbia rniversity. 
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PUMPING BY COMPRESSED AIR 


Efficiency. — The Ingersoll-Rand Co., manufacturers of the 
retum-air system, state in their catalogue. No. yS; that the effi- 
ciency averages about 55 per cent and, even imder unfavorable 
conditions, the efficiency has never fallen below 40 per cent. This 
efficiency is computed by dividing the water horse power by the 
indicated horse power in the steam cylinder of the compressor, 
and, consequently, all losses of transmission, compression, etc., 
are mcluded. 

Performance of a Retum-air System. — Like the plain dis- 
placement pumping system, the return-air system has been 
seldom carefully tested, and, consequently, comparatively little is 
known of the everyday performance of the system in-so-far as 
working economy and over-all efficiency are concerned. This 
is imfortunate because the field open to apparatus of this kind 
is almost unlimi ted and the efficiency and practical advantages 
would seem to entitle it to a broader exploitation. 

Undoubtedly the most accurate and carefully conducted test of 
return-air system was made by Mr. Arthur H. Diamant, C.E., 
and published in Vol. LIV of the “Transactions of the American 
Society of Civil Engineers.” The machinery was furnished by 
the Pneumatic Engineering Co., and installed in Shaft No. 25 
of the Croton Aqueduct. Mr. Diamant’s description of the 
plant, the difficulties attending its installation and the method 
of testing with the tabulated results are well worth repeating 
here. The following is Mr. Deamant’s paper, and is entitled 
“The Installation of a Pneumatic Pumping Plant.” 

THE INSTALLATION OF A PNEUMATIC PUMPING 

PLANT.* 

“Before proceeding with the description of the pumping plant, 
which is to be used in case of emergency only, the writer deems 
it advisable to give a brief statement as to the necessity for its 
installation. 

“As is generally known, the City of New York receives its water 
* Presented at the meeting of September 7,' 1904. 
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supply lhrou|];h the Xew 
Croton Ac|iU‘(iuct, which 
l)egins at the inlet gate- 
house, near llie Ohi t'rt>"* 
ton Dam, (Voton Lake, 
and, after reaching Shaft 
No. 24, on the Bronx sale 
of Wasliingtim Briiigi* and 
near it, passes uii<ler the 
Harlem River to Shaft 
No. 25 and thence to the 
terminal galediouse at 
One Ilundn^d ami lliirty- 
fifth Street, near Amstt^r- 
dam Aviauu*. 

*Mh'twision has hwn 
made for emptying tlie 
ac|ueduci whenever ne( - 
essary. The inlet gates 
at C'roton Lake vnn In* 
dosed, thus {prevent iiig 
water from entering tlie 
aqiunluct. I'oiinpty that 
j)orlion hetweim ( h’uton 
Laki* and Wrinhington 
Bridge, there are l)hjw off 
gales at Shaft Nhc 
J*cH*antico; at Sliaft. No. 
np Ardsley; at Shaft No. 
iK,Sout.h Yonkers; and at 
Shaft No. 24, near Wash- 
ingfoii Bridge. Hiere 
are also hlcnv-tiff pipes on 
the St ret ell l>etween Shaft 
Kih 25 and the termina! 
gate-house so that the 
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aqueduct can be made to empty itself, with the exception of 
that portion constituting the Harlem River crossing or siphon, 
Fig. 26. This siphon is emptied by Shaft No. 25, the pump- 
shaft. 

Shaft No. 25 (see Fig. 27) is really a double shaft, the north- 
erly one being the aqueduct-shaft, and the southerly one the 
pump-shaft. 

^^The aqueduct-shaft is 12.25 feet in diameter, and, at a point 
about 10 feet above high water, the aqueduct continues on its 
way to the terminal gate-house. The pump-shaft, also 12.25 
feet in diameter, is completely lined with iron, and contains a 
sump extending 21.75 below the bottom of the siphon tunnel. 
An opening, i foot 8 inches by 2 feet 6 inches, and 3 feet below 
the invert of the tunnel, regulated by a gate, admits the water 
into the pump- shaft. This gate, being 417 feet below the top 
of the shaft, is of composition metal, moving in solid composition 
grooves, and is designed so that no obstructions can accumulate 
in the frame. It is raised by a square stem, 3.5 by 3.5 inches, 
guided every 12 feet, and contained in a 3-foot pipe built in the 
masonry. This pipe also contains a ladder reaching from the 
top (Elevation 84.5) to the bottom (Elevation 312.75). A plan 
of the connection is shown in the ^ Section through AB,^ Plate I. 
As each shaft is under the hydraulic grade, it can be closed by 
a double set of manholes with covers. For the purpose of blow- 
ing off the water, each shaft is connected with a 48-inch cast- 
iron pipe, with two gates, and discharging into the river. 

^^Over the pump-shaft was erected a bucket-hoist, com- 
posed of two alternating buckets, each of 1390 gallons capacity. 
These were raised and lowered by a horizontal steam engine 
capable of emptying each in 0.5 minute. Fig. 28, prepared 
by Mr. F. S. Cook, Engineer in Charge of the Draughting Bureau 
of the Aqueduct Commissioners, shows the volumes of water to 
be lifted in emptying the siphon. With this plant, it would have 
taken from 15 to 18 hours to accomplish this task, provided the 
engines could have continued at the aforesaid rate. As shutting 
down the aqueduct would entail serious inconveniences, the 
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present water consumption In iiiu -til' >ut : 

day, the Aqueduct (’oinniissioiuT;' dt i nu ■; ;! nrt t .uy tn in 
a pumping plant which luuld era])! y ihi in s .■ h..\ir 

less, as every hour gained utiuld ia nS lu aru.'.l .>. !>. in* 
Accordingly, bids were ri'Cfi\‘ctl !i>r -tn h a jil.uit .ind i l.r « . .;■! 
was awarded to the Pneumatit {.neincj rni:.’ t . uh. > 



ceeded to install the Harris Sy;4rj« ,d pna . m.i'.:. , j 

contract sjicdjicd that g.ill-.n,, i«- t i 

hours, with a Ikmius of .-4, -i;, a * , , 

and a {X'nalty fur each hour limgri 
“This system, hrietly drscrib.-.!. ,.,j. i t . d n . 'c.rc 

Comstock compressor, twin I oiimat.d, .i / •, 
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4H iiifh, hvhii^ tin* iinpnjvi-d !H»ri/j>nt;d tyiM‘, with (^)iiiss valves. 
¥rvv ’dh\ passes thruuy;h tH>ok*rs, thrc)U«di a 

switeh apparatus, tkavu japts iut<j tuiir watta* tanks working in 
pairs at the laUiiaii t>t the punip-'^iatt . An auxiliary eonipressi>r 
supplies the nefe>:-Hiry air fur nmning the plant with the greatest 
(‘liicieiiey. ^Set* Hate II. I Hie sy: 4 i“in is deserilieti mure fully 
in tfu‘ kilter [Kirt ui thi>v papiT. 

iie-tallatiun wa^ attiinleji witli p(*euliar ciifUeuItit‘S. 
!ia\'T »!e\e!upeil in tin* pum|i shaft, siiiei* its tsaisiruetiun, 
kis'iniig it full of water up tt» tin* i»Iuw off pipe*. Weir nieasure- 
niiii!:- taken in thi> pipe >huw a leakagi* of alanit .!cx) gallons pc*r 
minute. A’h tlai’e wa-t iie» way of enijUying tin* sliaft ami !a*eping 
it empty, all work !ia«l to he done on an i’ri*eting phitfurm laiilt 
near the Mow tilt pipe. A 4 ineh i*jeiiur kept the water alaunt 
1 fee! itelow the platform. 

A . IhIois^ sfateti, the shaft is lielow the li}'dr;ui!!i‘ grade. If 
the gala' fietween tin* aiiueilui I -sliaft and the pump'shafi wen* 
to lee ujHuieik and I In* hknv oii gates liosed. it would he nec’essary 
t«i put oil file MWers of file maiilmles in the diaphragms, kor 
this rea'-4»n. tin- air pipes leading ilowii ti:» tin* four wati*r tanks 
f'>.ee rtale I - i ou!d hot pass flirough the manhole* o|.Hinngs, hut. 
fi.id to pass ilirough four holes honst lliroitgli the hriekwork am! 
iiMii lining of the two diapliragim^N A;* seen in file drawing, these 
tliapiiraitins are t*aefi afenit f| feel thiek. willi a s['>a.ei* of fig; feet 
hetween llietn. 1 he Kaiid f trill C ‘eiinpany's Davis (*aly.x drill 
wsvv used in making f!ie h»nr tioh's. isiDi n inilies in diaim*!ety 
^4rrl ’..kioi hring nsetl ftif the i'll! ling !airf;u'e. Cairrs, Iroiii 4 to ,4 
feii long. Were taken oiil. showing the eflkieiiey of drills of lliis 
si vie, 

^' I'or tin- purpose of lining these holes, arid inakiiig run- 
tiisinai . hefwa'eii dJaptiragniH, a h.75 tiuii east iron pipe, with a 
lkiii.ge a! one rtnh wsis plaeed in eat ft Indr eif the upper diajihragm, 
fill* ikiiige rt*siiiig on if.s iipji«*r siths A similar pipt* was plaeed 
in i%p It hole of lilt* hnver diaphragiri, the flange heing liolti*d to 
tlir lining of the nmlerside thereof. A sliorl length tif pipe, 
of the saiiie iiisit.le diaiiitier and ivillt a huh oit eadi end, run- 
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nected the two pipes of each hole. Perfectly tight joints were 
made with lead. The utmost care had to be taken in pouring 
the lead as there was a great deal of moisture in the space between 
the diaphragms. 

While these holes were being drilled, the old bucket-hoist 
engines were taken apart and removed, the buckets having been 
taken out of the shaft previously. The old brick foundations 
also had to be cut away to make place for the new ones. The 
new foundations, both for the compressor and the steam engine, 
are each 9 feet high, 8 feet wide and 32.5 feet long. They are 
composed of a i : 3 : 5 concrete mass finished with a i-foot granite 
coping stone over the entire top. The foundation of the auxiliary 
compressor is also of concrete, with granite coping stones. 

^^The different parts of the system having arrived, the first 
pair of tanks was taken into the engine-house and placed in 
proper position near the top of the shaft at Elevation 84.5. The 
second pair was then placed also. These tanks are 17.5 feet 
high and have an inside diameter of 4 feet 2 inches. A cage, 
operated by a small Otis steam engine, carried the men from the 
top of the shaft down to the blow-off at Elevation 5.17. This 
cage could be shifted to pass through the north or south opening 
as necessity required. With the four tanks, a clearance for the 
elevator cage, a 36-mch water main and gate, and the lifting 
machinery for the connecting gate between the aqueduct- and 
pump-shafts, there was very little room to spare. 

^Tig. 29 is a front view of the tanks and fittings assembled at 
Elevation 84.5, before being taken apart to be lowered to the 
erecting platform. The photograph shows one pair of tanks, 
the manner in which they are connected, the intake pipe with the 
lo-inch check-valves admitting water into the tanks, the 14- 
inch discharge pipes with lo-inch check-valves opening outward, 
the s-inch air pipes, and the I-beams and hangers for lowering 
the tanks. The discharge pipe passes into each tank within 
about 6 inches of the bottom, a cone at this point guiding the 
water from the tank into the discharge pipe (see Plate I). Near 
the top of the inlet pipe is a cast-iron groove which is to slide 
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along the old bucket-guides in the shaft. (Irooves similar U) 
this arc on the plates connecting the tanks ne:ir the bottom, and 
also on the |)lates in the back of the tanks. 'I'he I-beams and 
hangers to which the wire cables of the lowering ap|)aratus are 
attached can be seen near the e-Ktreme t<»[) of the photograph. 


Fl«i, Ilf, 

“On lop of the Y, Ciirmecling the tlischarge pijte* of the two 
tanks, a T was {daced, to which, by means of tin elbow, an ajr 
t hainlH'r was fastened to prevent water ram. A |-inch piiH% 
with a chec k-valve, leads from this ellH»w to the top of the shaft, 
lM*ing used to charge the iilr chamter. At this }>omt, also, the 
discharge piiie and the two air pjiH‘8 were fitted with swivel 
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joints, so that, even if the tanks did not rest perfectly level on 
the bottom, the pipes could be carried up vertically, by means 
of these joints, which were perfectly tight. 

'‘The 14-inch discharge pipes are rolled-steel tubes with cast- 
steel flanges. These were shrunk on the tubes, and the ends of 
the latter were upset. The pipes were delivered in this condi- 
tion, but, as the upset ends projected from | to | inch beyond 
the faces of the flanges, this part had to be removed, otherwise 
no tight joints could have been made. To return the pipes to 
the foundry would have caused the loss of too much time, there- 
fore a lathe was rigged up outside of the engine-room. Sand 
was strewn over the space to be used, some iron-grating floor- 
plates from the shaft-house were embedded in the sand, and i 

several pieces of the coping stone of the old engine foundation I 

were placed on top of the plates. Two 15-inch I-beams, 20 feet 
long, with a space of about 4 inches between them, were laid on j 

top of the stones and fastened firmly by steel rods passing down 
to the grating plates. The I-beams were leveled carefully, and 
the 14-inch pipes, being laid on top, were thus also level. The 
pipes were held fast by a V-shaped clamp at each end. A chuck 
holding the cutting tool was geared to a shaft which was revolved 
I by being belted to a small vertical steam engine. The tool was ‘ 

I fed automatically into the flange to be faced by means of a star I 

wheel which, at each revolution of the chuck, would strike one I 

of its prongs against a projecting board, thus causing the tool to } 

cut deeper. This apparatus proved to be very efficient, as the j 

faces off the flanges were made absolutely at right angles to the ^ 

axis of the pipe, thus ensuring a perfectly straight column when 
the lengths were bolted together. There were thirty-two pieces 
to be faced on each end, and the entire work was completed in 
II days. 

“While this was being done, men were engaged in placing an 
erecting platform, just below the blow-off. This consisted of 
brackets fastened to the east and west sides of the shafts with 
bolts let into the iron lining. On these brackets was placed a 
15-inch I-beam, which was bolted down. Resting upon this 


beam, and also ujum brackets fasteiietl to the north and south 
sides of the shaft, were placed li-uu h timbers, over which a 3- 
inch plank flmiring was fastenecl. All drilling for stud-bolts was 
done with a pneumatic drill, the air being supplied by a small 
Rand Drill Company's compressor on top of the shaft. 

“Just before the erecting plath»rm was completed, there 
occurred the only accident during the entire installation. For- 
tunately, this was attended with no serious results. In order to 
lower the tanks, it was necessary to renmve the catch-basin into 
which the but kets of the tdd system di.scharged. 'I’he bottom 
plate is shaped like a segment of a circle, with a chord t)f 1 1 feet 
6 inches, atul a rise of 3 feet to inches, tlte nulius of tire arc Iteing 
6 feet 1 1 int lies. The weiglit of the plate was about 2000 ixmiuLs. 
'I'wo X by 12 inch holes luul been tut intti it some yeam ago. 
'I’wo workmen were on lop of the plate psissing a chsiin through 
one of the holes, when It slipiKsl from it.s iKsirings, tip|H*d over, 
and tiropjH’tl tt» the hottoni, 11 distame t>f 333 feet. 'Fhe men 
were thrown intti the water, hut, with the exception of stime 
hwises. were not injiiretl seriously. 

“ Before Ittwering the tanks, this phite hati to Ik* recovered. 
Accttrtiingly. the writer, with an assistant, sountled every ftKit 
of the iMittom of the shaft witli a steel InjK' ami leatl weight, and 
was ftirlmiate eiunigh Iti Imate one of the K hy ta-inch holes. 
A cliatn with a lunik at the end was fasteneil to the elevator cable, 
Itiwereti tt» the iiottoin, anti guided frtiin the erecting platform 
hy a rilibon !a|H*. 'Fhe hole, ItK'ated by previous stnimlings, was 
again foniitl. and, after two tir three trials, the jilate was hoisted 
to the .surface, A small corner broken oil was the only tlamage 
the plate suslainetl. 

“As the sountllnp indicatwl mtm silt at the iKittom of the 
shaft, sixty bags of saml were dumjKsl into the shaft, the bottom 
being thus fairly levelccl. 

“'riie fir.st pair of tanks ami fittings, which had fnicn assembled 
at Elevation 84.5, was now taken apart, jireparatory to being 
lowered to the erecting platfomi. 'Fhe elevator cage was hoisted 
out of the shaft, so tliat Its cable could he usetl. Each tank was 
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first lowered to the top of the lirsi iliaidir;.iKin with ;i tilirk ;iimI 
fall. The elevator cable was ihni attached and file lank mats 
lowered to the erecting idatfonii. Hie lank was hiiiig willi sin/Ii 
exactness that it passed tliroiigli the ni.iiihtde wiilenii liinding, 
although there was only about i“lt‘'araiii'e„ 1lie T*s and 

Y’s, and other parts having been lowered, the iii%i jiair of tanks 
was again asseinlileti, aial plaei*«! in llir e\4iJ pu^-ilioii in wdiicli 
they would have to be Itiweret! to the liullotie 

“The first pair of tanks }M*ing out «d the %v;iy, the liydraiilir 
lowering apparatus \va> st.i tij^ in tin* >0111 li half oi the ! 4 iafl at 
Elevation ^4.5 (see Plate In lids apparatii:^ nf a ryliie- 

der with a plunger having a stroke of alioni n fni. a lialaiirrd 
elevator^ valve and pressure jiuiiip, two A frames on ftiji *♦( the 
upper diaphragm aini iwti on ilir rrrtting jiliifoni!,. In ibr 
timbcT lieiils, 10 by lodnrh !M*ams were flow ^lerl wire 

cables were ustaL and were lilird wif }i krt^ at rat }i end. T'lieir 
breaking strain was Ions. A Iiuigtli %4 ealili* rraelird 

from the lifting IdM^aius of tlie jiltnigrr to llie lioldiiig | tiraiiii 
iilmve the tanks, the pliiiiger liriiig alioiit 1 fi«i! from ifir top of 
its stroke. Two cables were umsI bir ratli jiair «f latikH. Hie 
piiinger was now raised as high as it irnild ihr laiiks ilitis 
being raisi^d about i foop ami tlie |tlafik.s and iM’aiiis uii wliirti 
they liad timi resting were removed The m'afrr iii llir iiytlraii^- 
lie cylinder liaving Imvii alloivrd to rvliausi ihr- tanks mrir 
lowered so feeL The ^ on llir iipj^a diaphi.igisi liail bmi 
pkim! in |Mi.sition, and ibe ^Mkrls of i}ir labirs n 4ri| 

on ckiiiips %v!iirli were iiow' tin, I hr nr iLiifip^ in loin 

rested on Idirams on top of tfir II itilr ihr iihole mi'ight 

rested on ifiew ffainrs, llir pitis, %%1lieh lirld llir irt>, ai ffie 
cables to file k»wrririg of tire piiinger, mir 

the iiliiiiger was again rai«^l to near the Ittp of ih ^4 i and f lie 
longer ATrameson the rrrrlitig plalbirni iv« rr p!a»r4 io p*i jihiii 
A joTiifit length wm iiddrti to racli labhe a itiigtli of i| imlt 
pffM* til the dlmdiarge pi|M*, a Irnglli of $ in* h pifir !*i r i* h of ihr 
air-pi|M^s, nil a kngtli of |diic|i pi|H^ to ra< h of i ht' ^ pi|M's 

oi the tir chiimlicii* Etch Joiiil was irsini iindri an air prr oaitt? 
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of 1 50 pounds, as were also the tanks and valves before lowering, 
to insure perfect tightness of aU joints. The load was now raised 
slightly, the clamps removed, and the tanks lowered 20 feet. 
The procedure being the same, the tanks were lowered another 
20 feet, this time, however, the clamps rested on the I-beams of 
the lower A-frames. The three 20-foot lengths of cable were 
now taken out and replaced by a 6o-foot length, and the cycle 
again started. In this manner the first pair of tanks was safely 
lowered to the bottom of the shaft, a depth of 332 feet. Pipe- 
guides or stays were fastened to the pipes every 60 feet, the ends 
of the stays sliding along the old bucket-guides. The total 
weight lowered was estimated at about 40 tons. The elevator 
cage was now shifted to the other side of the shaft, as was also 
the hydraulic lift, and the second pair of tanks was lowered in 
the same manner as the first. All parts before going down were 
painted both outside and inside with two coats of ‘Nobrac’ paint. 

“The top of the discharge pipe of the second pair of tanks was 
about 4 inches above that of the first pair. Short lengths of 
discharge pipe added to each brought them to the same level. 
To this discharge pipe was added a T -piece. A Y connected the 
T-pieces, and a 20-inch goose-neck of galvanized-iron pipe was 
bolted to the Y- This pipe discharged into a catch-basin at the 
entrance of the blow-off, the bottom plate being the same one 
that fell to the bottom of the shaft, the sides being smaller than 
those of the old one. Cover-plates were bolted to the top of the 
two T-pieces. The four 5-inch air-pipes were now carried up to 
Elevation 84.5. Glands, through which these pipes passed, were 
bolted to the flanges of the iron lining of the holes through the 
upper diaphragm, so that, if the covers of the manholes were put 
on, the water could not pass between the air-pipes and the lining 
of the holes. When the shaft was built, a 4-inch pipe from the 
bottom of the lower diaphragm to a point i or 2 feet above the 
hydraulic grade served as an air-vent when the manhole covers 
were on. This pipe had been removed, above the upper dia- 
phragm, and the two f-inch pipes were carried through this 4-inch 
opening to the top. This 4-inch pipe was afterward replaced. 
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“At Elevation 84.5 the four 5-mch air-pipes were connected 
with two manifolds, and from each of the manifolds an 8-inch 
air-pipe led to the switch. By means of these manifolds, any two 
tanks could be cut out of service and the pumping done with the 
other two. (See elevation of general plan, on Plate II.) The 
two f-inch pipes from the air chambers were connected by a Y, 
and led to the 8-inch air-pipe from the after-coolers to the switch. 
A |-inch pipe from the same point, with a pin-valve to allow 
air to leak into it, was hung down into the shaft, within 6 feet 
of the bottom, passing through the 4-inch opening through the 
diaphragms. This shows the pumping level and the pressure due 
to the head of water in the shaft. An 8-inch pipe carries the 
return air from the switch to the compressor on the side opposite 
the free-air valve. 

“The switch consists of a plunger, with a stroke of 6f inches, 
operated by a piston moving in a smaller cylinder. The air is 
introduced into this smaller cylinder by a valve which depends 
for its action on a piston in a small cylinder, which, in turn, is 
caused to move by the action of a disc-valve. (See Fig. 30.) 
The disc or diaphragm is 6 inches in diameter, with a movement 
of inch, and consists of two thin sheets of bronze and one sheet 
of steel. A |-inch pipe conveys the return air from a point near 
the top of the cylinder of the plunger to one side of the disc- valve 
and the |-inch pipe, which shows the pumping level and pressure 
due to the head of water, leads to the other side of this valve. 
This latter §-inch pipe, connected with the 8-inch pipe from the 
after-coolers to the switch, receives air through a pin-valve, and 
is also piped to a gauge on the gauge-board, so that the pumping 
level and the pressure due to the head of the water can be seen 
at a glance. A small reservoir on this line gives a constant sup- 
ply of air. The small, return air-pipe is also piped to a gauge, 
showing the return pressures. The difference between the 
pressure due to the head of the water in the shaft, which for the 
same levels is constant, and the return pressure (which is varying 
constantly, and drops to zero when the switch acts), causes the 
disc-valve to move. As the operation of the switch requires 
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an air prt'ssure of only about 50 to 60 pounds per seiuare inch, a 
|-inch pijH' from the S-imh compressed-air pipe conveys the air 
through a reducing valve to the cylinder on top of the plunger, 
and to the piston «)f the small cylinder operated by the disc-valve. 
A reservoir on this line also ensures constant pressure, d’his 



¥ui. 

l-int h pijw also leads to a rlial on the gauge-board, showing the 
presstirrs rrtjuired l«» operate t he switch. The disc-valve men’ing, 
tine to the ditlereme Itelween the pressure caused by the head 
of the water in the shaft and the return pres.Hure, allows air to 
enter the sinall cylinder alrove it, the jiiston moves, the valve 
controlled by this piston motion allows air to enter above or 
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below the piston in the cylinder above the plunger, the plunger 
acts and the air is sent alternately from one 8-inch air-pipe into 
the other, one of these 8-inch pipes always serving to return the 
air through the switch to the compressor. (See Plate II.) Pro- 
vision is also made for operating the actuating valve by hand. 

“The auxiliary compressor was set up, the large compressor 
and engine were adjusted, the piping was completed between the 
auxiliary compressor, the large compressor, the switch after- 
coolers, and the receiver, and the plant was ready for operation. 
Before pumping, all joints were tested as to tightness. 

“The action of the plant is as follows: The large compressor is 
first started; the exhaust valve ‘being closed, it requires about 
312 revolutions of the fly-wheel to charge the system, the free 
air being compressed to 1 50 pounds per square inch. The free- 
air valve is now closed and the switch thrown over by hand. The 
compressed air passes from the compressor through the two after- 
coolers, into a receiver supplied with a safety valve, and also 
through the switch through one of the 8-inch pipes, through its 
manifold into the 5-inch air-pipes and into one pair of tanks. 
The air entering this pair of tanks forces the water through the 
discharge pipes and empties the tanks. As soon as this occurs, 
the return pressure from the other pair of tanks being less than 
the pressure due to the head of the water in the shaft, the actua- 
ting valve of the switch acts, the plunger moves, compressed air 
enters these tanks, while the air from the other pair is returning 
through the switch into the compressor to be used over again, 
and so on. A cycle consists of the number of revolutions of the 
fly-wheel necessary for the compressor to empty one pair of 
tanks to the point of starting to empty the other pair. The 
number of revolutions per cycle varies for different pumping 
levels, but is constant for the same level. If there are too many 
revolutions in charging the machine, or if there are too many 
revolutions per cycle, the air follows the water through the dis- 
charge pipes, and thus the system loses the air, necessitating the 
opening of the free-air valve of the compressor and recharging. 
After the plant has been working, a certain amount of air is lost, 
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and in order to keep up the proper number of revolutions per 
cycle the auxiliary compressor is started, and furnishes the air to 
keep the system working efficiently. 

Before the final test, many trials were run. Indicator dia- 
grams of the Corliss engine -were taken, and adjustments were 
made. The goose-neck discharge pipe was removed, and a 20- 
inch Gem meter placed in its stead. The cover-plates were 
taken off the T’s, and a 20-foot length of 14-inch galvanized-iron 
pipe was added to each, so that no air would pass through the 
meter, but would escape through these pipes. (See Plate II.) 
Many over charges took place before the proper number of revo- 
lutions per cycle for different pumping levels was determined. 

^^The 20-inch Gem meter consists of a system of helicoids 
formed around a vertical central hub, revolving in a cylinder 
slightly greater in length, and having a diameter just large enough 
to receive it. A screen at the lower end of this cylinder serves 
to keep large objects from entering the meter. The axle of the 
hub is geared to the meter register, which contains six figures 
and reads thousands of gallons. 

^^As it was necessary to test the accuracy of this meter, before 
using it, to determine the efficiency of the pneumatic pumping 
plant, F. W. Watkins, M. Am. Soc. C. E., Division Engineer of 
the Aqueduct Commissioner’s Engineering Department, assisted 
by the writer, made a test of the meter at the testing plant of 
the National Meter Company, in South Brookljm. 

^^The test consisted of a comparison of the meter register 
records with weir measurements of the same volume of water. 
The water to be measured was elevated by a centrifugal pump 
operated by a Nash gas engine to a height which gave a head 
sufficient to force the desired amount through the meter. The 
water passed from the pump, through a screen, into a small fore- 
bay, thence through the meter into the L“Shaped weir chamber. 
The base of the L is about 8 feet long and 8 feet wide, and the 
long side, constituting the main weir chamber, is 33 feet long, 12 
feet wide and 6 feet deep below the level of the weir crest. Baffle 
boards, placed in the angle of the L, serve to break up any eddies 
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which may form. The water llcnving the %vvk .ir..i»s iiu.) 
the pump-well, and the cycle i.s again slarUd.^ tSee i ig. ^i. 
Figs. 31 and 32 were furnished by John H. Norris, M. Am. Sw. 


¥m. i». 


M. E., Assistaat Engineer, National Meter (‘ompaijy, whom the 
writer takes this q^rtunity of thanking for his wiurteMr* 
during the t«t.) 
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“'fhe weir notch is of cast-iron plates, the plates forming the 
siilcs of the notch being atljustable, so that any length of wicr, 
up to 8 feet, can be obtained. ''I'he crest was formed by beveling 
the down-stream faie at an angle of 45 degrees, letiving a truly 
jdaned edge 4 iiu h thick, the vertical sitles having a similar bevel, 
'riie distance from tlie bottuni of the weir chamber to the crest 
is 6 feet. 

“'fhe aj){jaratus for measuring the head on the weir consi.sts 
of two 12-inch cast-iron pii>es set on end just outside t)f the catch- 
basin. one containing a float for the autographic record, the other 
the movable luaik-gauge. 

‘‘I hese pijH-s are c«)nnecte<l I>y a 2-inch pijK! from which a 2- 
inch pipe leads tlirough the wall of the catch-basin, with a valve 
at the other end. .Another .’ inch j>ijH- runs from this pipe to the 
bottom of tlu’ catch-basin, makes a right-angle bend, thence, 
jmrallel tc* and al»out U inches above the floor, it runs into the 
weir chamlwr aiul c«miH*cts with a .»*ineh jnjw at right angles to 
it, parallel t<» the weir crest, and about 6.25 feet from the weir 
plate, 'riiis hitter pi|>e was jH’rforaled with eighteen holes, each 
j’*j inch in iliameter. (See Fig. 31.) 

“Before starting the te.st, the relation of the himk-gauge and 
the autographic float-gauge to the weir crest was determined as 
follows: A tked luKtk-gauge was fastened a few inches in front 
of the weir, and, by a sjurit level, its {Hjint was adjusted exactly 
to the elevation of the weir crest, (See Fig. .^2.) A bucket, 
with a nilflHT hose aittached to the bottom, was hung over this 
tixed luKik-gauge, the other etui of the host: being attached to the 
2-im'h \n\m leading to the movable hinik-gauge, and to the auto- 
graphic record. Water was jumreti into the bucket until the 
surface Just covered the jHiinl of the Sixet! hook, when the water 
rosi? to the same elevation iti the two la-inch ca.st-irtm piiu's. 
The xero of the movable hook-gauge and the fixed pencil of the 
autograjihic gauge were now adjuBted to correspond. The auto- 
graphic gauge consists of a xinc float carrying a brass nxl, to 
which a jicnd! is attached. Its {mint {vresses against a j^per 
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Watkins as the standard measure for the pneumatic pumping 
plant at Shaft No. 25. 

“As it was impo.ssil)Ic at that time to shut down the aqueduct, 
so that the siphon could be actually emptied, it was decided to 
pump at dilTerenl water levels in the pump-shaft. The water 
was iirst pumped out through the blow-off pipe, until its surface 
was about 50 feel t)elow it, when the gate was closed far enough 
to alU>w only the leakage iiUo the shaft tt) pass through, the 
remaining water running back into the shaft. After pumping 
at this level for an l«)ur, the gate was opened and the water 
pumped down to 125 feet below the blow-oiT, when the gate was 
closed di>wn .again to allow t»nly the leakage to run olT. In like 
maimer the [ilant was te.sted fur levels 175,225 and 300 feet 
below the blow-otl. 

“The average volumes pumited |H:r minute, as indicated by the 
Gem meter, were as follows: 

At 8H feel behiw the blow-ofT, . . .621)0 gallons ikt minute. 

At 1 25 feet Indow the blow-ofT. . . .t»02o gallons per minute. 

At 175 h*et below the blow-ofT, .. .5220 gallons j>er minute. 

At 2.50 feet below the blow-ofT. . . .4286 gallons per minute. 

At 2«)H feel Indow the blow-off. . . .2180 gallons per minute. 

Tables 7, 8 and ») show the details of these tests. 

“ It had also been agreed to run an endurance test of 12 hours, 
pumping at a level almut 175 feet below the blow-ofT, but, owing 
to the ilismantling of several boilers, suflieient steam could not 
Ik* olitiiined and the lest was jKwtjwned for several weeks. In 
the meantime. t!»e machinery was overhauled; a revolution 
counter was placed on the auxiliary compreswor, and a small 
jHimp hilmcator attiiehed to the switeh-plunger cylinder. A 
small steam jnimp wa.s also connected with the line of water pipe 
leading from the 36-inch j>i|)e to the water jackets on the large 
itml auxiliary compressors and also to the after-coolers, as pre- 
vious to this there was not sufficient water to keep the air projicrly 
cooled.’* 
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CHAPTER IV 
THE AIR LIFT 

In general, the system of pumping water from bored wells i 
termed the “air lift.” This is by far the most common metho 
of compressed air pumping. The air lift is found in municipj 
waterworks, ice factories, breweries, irrigation plants, dye works 
cold storage and packing houses, and numerous other places th 
world over. In spite of its universal application there is littl 
known by engineers concerning its proper design and installatior 
This is due to scarcity of literature on the subject; and ther 
too, the system is apparently so simple that at first sight it doe 
not seem to merit the thought and analysis that almost ever 
other proven mechanical appliance or device receives. 

Historical. — We find in the book of Heron the first appli 
cation of compressed air to lifting water. The arrangement i 
known as the “Fountain of Heron,” both compressor and pum 
being combined in one system. Fig. 33 illustrates diagrammati 
cally the ingenious principle of operation. 

The air-tight vessels A and B are connected by pipes as showr 
B is divided into two compartments C and D. Pipe a connect 
compartment C with the top of vessel A and pipe 5 connect 
the top of compartment D witli the bottom of A. Pipe / is th 
discharge or eduction pipe. The operation is as follows: 

Water is admitted into D through the pipe k and valve v unt 
some predetermined level such as ^ is reached when the suppl; 
is cut off by closing the valve. Water is next admitted to ( 
through pipe w and flows down pipe a into A. As the wate 
level in A rises, the air above the surface is compressed to a pres 
sure corresponding to the height of the water column in a am 
C. This air pressure is exerted on the water surface e/ forcinj 
the contents of D out through the discharge pipe/. 
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The “FoTiu-tain of Heron” was employed about the middle 
of the i8tb. century in the mines of Chemnitz, Hungary. In 
1797 some laboratory experiments were performed by a German 
Tm‘Tiir.g engineer, named Loscher, on an air-pumping system of 
his own invention. His experiments are described in a pamphlet 



Fio- 33- Fm. 34 . 


entitled Aerostatiches Kunstgezeng. Probably the first practi- 
cal installation of the air-lift proper was made on some oil wells 
in Peimsylvania, about 1846, by an i^erican engineer named 
Cockford. At about this same time Siemens, in England, experi- 
mented with the air lift, and in 1865 A. Brear patented what he 
terms an “oil ejector.” In Fig. 34 is shown the arrangement 
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used by Brear. In letters patent No. 47793 he explains the 
operation of his invention. The principle is plainly indicated 
by the arrows in the illustration. 

In 1880 J. P. Frizell was granted a patent (No. 233499) on a 
“ New Method of Raising Water by Means of Compressed Air.” 




Fig. 3S. 

Fig. 35 shows this invention in detail, and it is described in the 
letters patent as follows: “My present invention has for its 
object the elevation of water in a simple and convenient manner 
by the introduction thereunder of compressed air; and it con- 
sists in causing a column of water to ascend in a pipe or conductor 
by the injection therein, at or near its bottom, of compressed air, 
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the weight of the air and water thus commingled being overcome 
by the weight of the external water, which is thus utilized as a 
motive power to elevate the water to the desired point. To 
enable others skilled in the air to understand and use my inven- 
tion, I will proceed to describe the manner in which I have 
carried it out. In the said drawing, which represents, in sec- 
tion, my contrivance for elevating water, A denotes the surface 
of the body of water to be drawn from, and B the reservoir into 
which it is to be raised. C is a shaft or pit sunk in the earth to 
a depth corresponding to the pressure of the air used, and com- 
municatlhag with the body of water A, b is the rising pipe ex- 
tending from near the bottom of the pit up to the reservoir B. 
The height from the surface A to the surface of B is the lift. 
Experiments show that the depth of the pit, reckoned from A, 
should be as much as five or six times the lift. 

^Tntothe bottom of the rising pipe is fitted the hour-glass-shaped 
pipe 5, enclosing between the two pipes the annular space EE. 

^^The upper end of the pipe 5 is perforated with a great 
number of minute orifices, F, as indicated by the black dots. 
The lower end expands to a greater width than that of the rising 
pipe in order to diminish the resistance of the water in entering. 

^^The pipe D, leading from the source of compressed air, opens 
into the annular space EE. The pit or shaft C and rising pipe 
b being filled with water to the level of A, compressed air is 
admitted to the pipe D and passes into the annular space EE, 
thence through the perforations F into the water in the pipe b, 
through which it rises in the form of minute bubbles. 

'^The pipe D, which conveys the compressed air, may pass 
down in the pit C, as shown, or inside the rising pipe b, or outside 
the pit C in the ground if preferred. 

- ‘^The pit or shaft C may, of course, be dispensed with if there 
is naturally a sufficient depth of water, it being merely necessary 
to introduce compressed air within the pipe or conductor, 
through which the water is to be raised at or near its bottom in 
order that it may rise, expand and diminish the weight of the 
column of water therein, as before described.’^ 
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In 1884 another patent (No. 309214) was granted to S. S. 
Fertig on an annular tube pump. In 1885 Werner Siemens 
used an air-lift pumping arrangement in a mine shaft neai 
Berlin, and in the same year Laurent used it for lifting sulphuric 
acid in France. 

In 1892 Dr. Julius G. Pohle was granted a patent (No 
487639) on an ‘^air lift.’^ Fig. 36 shows the Pohle air lift whicl: 
differs in action and principle from the Frizell only in the appli- 
cation of the compressed air. Dr. Pohle describes his inventior 
as follows: 

''The object of the invention is to successfully and practicall} 
effect the elevation of the water to a much greater height thar 
has heretofore been deemed economic with compressed air anc 
to avoid the results due to an intimate commingling of the aii 
and water, as well as to dispense with all valves, annular spaces 
and solid pistons. In accordance with my invention the air is 
not directed into the water in the form of fine jets or bubbles 
which would very readily commingle intimately with the water 
but is delivered in mass, and the water and air ascend in well 
defined alternate layers through the eduction pipe. 

"The drawings represent the apparatus in a state of action — 
pumping water — the shaded sections within the eduction pipi 
W representing water layers’ and the intervening blank space: 
air layers. 

"At and before the beginning of pumping, the level of th( 
water is the same outside and inside of the discharge pipe ( 
incidentally; also in the air pipe. Hence the vertical pressure: 
per square inch are equal at the submerged end of the discharg( 
pipe. When, therefore, compressed air is admitted into th( 
air pipe a, it must first expel the incidental standing water befor( 
air can enter the eduction pipe W, When this has been accom 
plished, the air pressure is maintained until the water within th( 
eduction pipe has been forced out, which it will be in one un 
broken column, free from air bubbles. When this has occurred 
the pressure of the air is lowered, or its bulk diminished, anc 
adjusted to a pressure just sufficient to overcome the externa 
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water-pressure. It is thus adjusted for the performance of regu- 
lar and uniform work, which will ensue with the inflowing air and 
water which adjust themselves automatically* in alternate layers 
or sections of definite lengths and weights. It will be seen in the 
drawings that the lengths of the water columns (shaded) and air 
(blank spaces) I and I are entered of the discharge pipe W, also 
that under the pressure of two layers of water, i and 2, the length 
of the air column 2 is 6.71 feet long, and so on. The lengths of 
aggregate water columns and the air columns which they re- 
spectively compress are also entered on the right of the water 
pipe. On the left of the water pipe are entered the pressures 
per square inch of these water columns or layers. Thus the 
pressure per square inch of column i is seen to be 1.74 pounds; 
that of 2, consisting of two columns or layers i and 2, each 4.02 
feet long, to be 3.49 pounds, and that of 10, consisting of nine 
columns or layers of water i and 9, inclusive, each 4.02 feet long, 
and one 3.80, vb., layer 10 feet in length to be 17.35 pounds and 
the aggregate length of the layers of water is 39.98 feet in a total 
length of 91 feet of pipe. It will be noted that the length of pipe 
below the surface of the water in the well is 55.5 feet and that the 
difference between this and the aggregate length of the water 
layers (39.98) is 15.52 feet, that is, on equal areas the pressure 
outside of the pipe is greater than the pressure on the inside by 
the weight due this difference of level, which is 47.65 pounds for 
the end of the discharge pipe. It is the difference of 15.2 feet, 
acting as a head that supplies the water pipe, puts the contents 
of the pipe in motion and overcomes the resistance of the pipe. 
In general, the water layers are equal, each to each, and the 
pressure upon any layer of air is due to the number of water 
layers above it. Thus the pressure upon the bottom layer of 
air 10 in the drawings is due to all the layers of water in the pipe 
(17.35 pounds), and the pressure upon the uppermost layer of 
air I is due to the single layer of water i at the moment of its 
discharge beginning — viz., 1.74 poimds per square inch. As 
this discharge progresses this is lessened, until, at the completion 
of the discharge of the water layer, the air layer is of the same 
tension as the normal atmosphere.’’ 
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In 1898 Mr. W. L. Saunders invented an air-lift pumping 
system in which air and water discharge takes place through a 
central pipe suspended from the well top. Referring to Fig. 37, 
compressed air is forced into the space between the discharge pipe 
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chamber and the water rises in the chamber a distance equiv. 
lent to the pressure loss. The incoming air soon raises tl 
pressure in the chamber, and the water head is again lowere 
beyond the end of the discharge pipe, when air again escape 
pressure reduction again occurs, and so on. Thus, it is claimed 
alternate layers of air and water are formed which maintai 
their form until a point at or near the discharge is reached whe 
a breaking up occurs. 

Since 1898 a number of patents have been granted on speci; 


types and designs of foot pieces. Some of these are describe 
and discussed on the following pages. 

Principle. — The favorite method of illustrating the principl 
of the air lift is to assume a pipe open at both ends and partial!' 
submerged in a lake or other open body of water, as in Fig. 3? 
The water stands at the same level both inside and outside th 


Assume now that a piston of air is forced down the outside c 
the pipe and up into the end, as in B, Fig. 38. This air pisto 
displaces an equal volume of water in the pipe and, since air i 
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lighter than water, the hydrostatic pressure of the outside water 
column upon the lower end of the air piston is greater than the 
pressure due to weight of the air and water above on the inside 
of the pipe. This unbalanced condition causes the air piston to 
rise carrying the water before it until the level inside the pipe 
reaches a distance h (C, Fig. 38) above the level outside. The 
head h is equivalent to the difference between the weight of the 
air piston and the weight of the water it has displaced. 

Another air piston admitted to the pipe end will, in the same 
way, cause the water in the pipe to rise higher. As more air 
pistons are admitted the water level will continue to rise until 
the upper pipe end is reached when overflow of air and water 
occurs. With a continued admittance 
of air pistons and continued overflow, 
there, obviously, always exists an un- 
balanced condition of pressures inside 
and outside the pipe which keeps up 
the discharge or overflow as long as air 
and water are provided at the lower pipe 
end. 

This will be recognized as the Pohle 
description of the operations of an air 
lift. The air pistons mentioned by Dr. 

Pohl6 do not, however, entirely fill the 
cross section of the pipe in actual prac- 
tice. In other words, there is a space 
between the air piston and the walls of 
the pipe, which space is filled with water, 
as shown in Fig. 39. Each rising piston of air then does not 
carry all the water ahead of it, but some water escapes down- 
ward (with relation to the moving piston) around the piston. 
Thus, the air slips by a certain amount of water, and the loss 
which is known as slippage is. the greatest to be contended with 
in this system of pumping. 

In the FrizeU system of operation small air bubbles are made 
to displace the water in the discharge pipe instead of larger air 
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pistons. A comparison, of the Pohl6 and Frizell systems is 
shown in Fig. 40. Both systems clearly depend upon a differ- 
ence of pressures or, more correctly, specific gravities of the 
columns outside and inside the discharge pipe. 



Air-Uft Theory. — A number of attempts have been made to 
develop mathematical theories of the air-lift pump, but with- 
out satisfactory results. It is impossible to derive truly accurate 
formulae expressing the air-Hft theory because of the many 
uncontrollable variables met with. Probably the best theories 
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that have been advanced thus far are those of Prof. Elmo G. 
Harris in Compressed Air, and Dr. H. Lorens in Zeitschrift des 
Vereines Deutcher Ingenieure, Vol. 53. Both of these discussions 
are given in full on the following pages. 

Harris’ Theory.* — In Fig. 41, P is the water discharge or 
eduction pipe with area a, open at both 
ends and dipped into the water. A is PX 

the air pipe through which air is forced |P|[^A 

. into the pipe P, under pressure neces- ^ 

sary to overcome the head D. & is a I I 

bubble hberated in the water and hav- I I 

mg a volume 0 which increases as the | ^ 

bubble approaches the top of the pipe. »fW I 
The motive force operating the 
pump is the buoyancy of the bubble of I n 

air, but its buoyancy causes it to slip i ^ 

through the water with a relative I I 

velocity u, I I 

In one second of time a volume I I 

of water = au will have passed from It I 

above the bubble to below it and, m I W I 

so doing, must have taken some abso- I H ^ 

lute velocity ^ in passing the contracted Iw I 

section around the bubble. | ^ 

“Equating the work done by the | ^ 

buoyancy of the bubble in ascending, 
to the kinetic energy given the water 
descending, we have 

wOu = wau — where w = weight of water, 


is equivalent of the head h at the top of the pipe which 


is necessary to produce s, therefore h = 

a 

* Taken from “ Compressed Air ’’ by Prof. Elmo G. Harris. 
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Suppose the volume of air O to be divided into an infinite 
number of small particles of air, then the volume of a particle 
divided by a would be zero, and therefore s would be zero; 
but the sum of the volumes 0 would reduce the specific gravity 
of the water, and, to have a balance of pressure between the 
columns inside and outside the pipe, the equation 

wO = wah must hold. (36) 


Hence again = — , showing that the head h depends upon the 
a 

volume of air in the pipe and not on the manner of its subdivision. 

^^The slip u of the air relative to the water constitutes the 
chief loss of energy in the air lift. To find this apply the law of 
physics, that forces are proportional to the velocities they can 
produce in a given mass in a given time. The force of buoyancy 
wO' of the bubble causes in one second a downward velocity s 
in a weight of water wau. Therefore, 


wO _ s 
wau g 


whence 



a s 

But 



a 2g 

as proved above. 


Therefore 

2 ^ a 2 


(37) 


(38) 


^^This shows that the slip varies with the square root of the 
volume of the bubble. It is, therefore, desirable to reduce the 
size of the bubbles by any means possible. 

^^If ^ ~ ^ then the bubble will occupy half the cross section 

of the pipe. This conclusion is modified by the effect of surface 
tension which tends to contract the bubble into a sphere. The 
law and effect of this surface tension cannot be formulated nor 
can the volume of the bubbles be^entirely controlled. Unfortu- 
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nately, since the larger bubbles shp through the water faster than 
the small ones, they tend to coalesce; and, while the conclusions 
reached above may approximately exist about the lower end of 
an air lift, in the upper portion where the air has about regained 
its free volume, no such decorous proceeding exists; but, instead, 
there is a succession of niore or less 


violent rushes of air and foamy water/’ 
Lorenz’s Theory.* — Let 
pi = the pressure in the foot piece; 
pb = the barometric pressure acting 
on the surface of the water 
in the well, and also on the 
discharge end of the pipe A, 
Fig. 42; 

Uy, = thedensity of the fluid pumped; 
Wy, = the weight per second of the 
water pumped; 

Wa = the weight per second of the air 
discharged through the pipe 

Ui = the density of the air at the air 
inlet in the foot piece; 

% = the density of the air at the 
discharge end of pipe A ; 

Vi = the velocity of the liquid in the 
pipe A below the air inlet; 
Ce = the coefficient of entrance; 
hf, = the depth of submergence. 



Fig. 42. 


Referring to Fig. 42, it may be seen that, during the operation 
of the pump, the following equation of heads holds between the 
pump and a point at the same elevation outside the pump: 



7) .2 

2g 


(39) 


* Taken from Investigation of the Air Lift Pump” by Profs. Davis and 
Weidner. 
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'Tor flow in the discharge pipe A, the following differential 
equation holds on account of the variable value of the density u 
of the mixture of gas and liquid: 

dh-^ = — -aD^dh (40) 

u g ^ 

in which ^ equals the variable velocity, and p, the pressure at any 
point; and with the variable specific weight of air as equation, 

' 14 / 

designates the momentary volume of the mixture Wa + Wy,, 

"If the mixture of air and fluid is very intimately commingled; 
that is, if the air penetrates the fluid in the form of small bubbles, 
it can be assumed that the air expands isothermally, so that 

Uy = ^ ( 42 ) 

Pb 

By means of equations (41) and (42) the fundamental formula 
(40) becomes: 


Wg Pb dp Wy, dp __ vdv 


Cl?' dh (43) 


Wa + Wy, Ui,p Wa + Wy, Uy, g 

"Integrating this equation between the limits A, + hi and 
0, pi and pb and Vi and 2^5 (the velocity of the mixture at the 
discharge end of the eduction pipe) there results: 


- {hi + h) + — ^ 

Wa + Wy,Ub pb Wa + Wy, Wy, 


r Jo 


dh (44) 


"Replacing the last term in this equation, for the sake of 
simplicity, by assuming a mean coeflScient so that 


there results 


2^7 

ardh = c^- — 

) 


- ihi + A,)' H J — (wa ^ loge ^ + — pb)) == 

Wa+Wy,\ Ub pb / 


V — P? 
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Adding this equation to gives 

— — — log, ^ = hi + — (x + Cj, + c„ (47) 

Wa + W„VM6 ^ pb Mu, / ■ <V 

“Neglecting the second term on the left-hand side of the 
equation, which will be very small in comparison with the first 
term on account of the large dilTerencc between the values of 
and ut, Wa and and neglecting w„ in the denominator, this 
equation reduces to the simple form 

m. log. fc . + sJ (. + c, ',)+ if- c. (48) 


“In developing this energy equation, Dr. Lorenz assumed 
the velocity of air entering the foot piece as equal to that of the 
water; that is, free from any losses due to impact, which may be 
readily assumed on account of the small kinetic energy of the air. 
Now let 

L * w,.^log.,^‘ (49) 

Ui, Pt, 

the work of isothermal expansion of the weight of air and l„ » 
wjii the work done in lifting the fluid weight from which the 
hydraulic efficiency 

(so) 

' w„Alog.« 

can be computed with the aid of equation (47) 

^ vt,^(t +cj^ + vi‘c, 

i I 4 -J_ (51) 

e 2 ght 

For the practical use of these formuloi it will be better to elimi- 
nate the velocities and by intrcxlucing the vt)lumcs </(, and tj„ 
of weights Wa and and using the area of the discharge pipe a,,, 
by means of the following formula:: 


- qbUb 


q„ - 
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Writing now in place of equation (47) 

) life + + Ce + qy,^\ 


qiiMw pb 


- = h+ ^ 


2ga/ 


(53) 


and differentiating this equation with respect to jj, putting 


dqb 


= o 


(54) 


there results as a requirement for maximum discharge q„ 

i+c - 

^ 2 ^ + ?») 

qw'^w pb gO"i 

or in connection with equation (39), that is after eliminating the 
pressure pi and pi^, 

(i + Cj, -^{qh^ - qj) = 2 ghiap^ + (55) 


‘^If, now, the maximum discharge determined from the capacity 
of the well, and the area aj, of the discharge pipe determined from 
the diameter of the well, and also the lift and the known coeffi- 
cients Ce and Cp are given, the volume of free air required may be 
computed by meanSsOf the formulae (54) and (55), from which 
the submergence can then be computed by means of equation 
(39). For these fixed conditions equation (53) then gives the 
relations between any desired values of q^, and q,jo using the same 
pressure piJ^ 

There have been several other theories published but the 
formulae presented are not so simple or so easily applied as 
those just given. In neither of these theories, however, has 
account been taken of the air-friction loss in the air pipe, or the 
losses due to curvature in the elbow at the well top, or entrance 
losses in the lower end of the discharge pipe. The formulae may 
be easily modified to include these losses by applying principles 
given on following pages under curvature, entrance and air- 
friction loss headings. 


CHAPTER V 
SUBMERGENCE 


In presenting this essential to the air lift, it is first necessary 
that the bored well itself be discussed briefly. A bored well is 
merely a cylindrical-cased hole of sufficient depth to penetrate 
the water-bearing stratum, and provided at the lower end with 
suitably located openings for free entrance of water from the 
stratum into the well. 

Water is admitted to the well in two ways. One way is to 
attach a screen or strainer to that part of the well casing which 
is in the water-bearing stratum. This strainer consists of a 
piece of wire-wrapped perforated pipe (as shown in Fig. 43) equal 
in length to the depth of the stratum. Water finds its way 
through the openings between the wire strands, but sand, gravel 
and other foreign matter is held in the stratum. The other 
method (Fig. 44) is used when there is no sand present and 
where adequate anchorage, such as cap rock, immediately 
overlies the water-bearing stratum. As shown, the casing is 
resting on the rock, and the bare hole is continued through the 
rock into the stratum below. The water, then, is free to rise 
up in the well from the bottom. 

The water-bearing stratum itself is a porous bed of sand, 
gravel, or it may even be rock formation, through which water 
flows. The ideal arrangement is the porous stratum lying 
between two impervious strata and thus confining the water flow 
to its bed with no escape either upward or downward. No such 
perfect formation is ever found, however, for there always exists 
fissures or openings in either or both confining strata through 
which water will escape. Nearly impervious confining strata are 
sometimes found, so in our discussion we will assume for sim- 
plicity, that all water is held within a pervious bed. 
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At some distant points, the strata 
reach, the earth’s surface where the 
previous one receives its water supply 
from rainfall, springs, rivers, etc. The 
principle is shown graphically in Fig. 
45. A bored well, piercing the upper 
strata and entering the water-bearing 
stratum, is shown at A . The strainer 
is also shown. Water enters the 
stratum from the source of supply, as 
indicated by the arrows, and rises up 
inside the well to a level which is the 
same as that of the headwater, or 
BC in Fig. 46. . These are the static 
conditions, and the distance below the 
ground level that the water stands is 
known as the siaiic head. 
j The static head of a bored well, 
then, depends upon the water level in 
the source of supply and, when the 
latter is higher than the mouth of the 
well, a natural flow is obtained. 

Consider, now, a bored well (Fig. 
46) , piped for operation with air and 
having a static head h, and a sub- 
mergence h,. The air pressiure neces- 
sary to start the flow from the well is 
equivalent to the depth of submer- 
gence, or 2.31 h,. This is evident, 
because the resistance that must be 
overcome is that offered by the ver- 
tical column of water standing over 
the air nozzle A. As air under pres- 
sure 2.31 A, (plus friction) is furnished 
by the compressor, the water column 
is raised in proportion until, finally, 
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the water surface just reaches the point of discharge. Suppose 
a valve were closed in the air line. There would be no further 

movement of the water column, and 
the discharge pipe from the air nozzle 
to the lower end of the water column 
is filled with compressed air while the 
remainder is filled with water. Sup- 
pose now that the air valve were opened 
and more compressed air admitted. 
Immediately water overflows the dis- 
charge pipe and the column is short- 
ened. This decreases the resistance 
and, consequently, the compressed air 
behind the water column expands and 
the pressure drops. Thus the first head 
is blown from the well. 

When the air pressure has become 
sufficiently reduced by the removal of 
the first column as explained, the hydro- 
static pressure of the water head out- 
side the well overbalances the internal 
resistance and water is forced into the 
well. This water in passing the air 
nozzle becomes aerated and continues 
to rise, endeavoring to balance the out- 
side water-column pressure. Such a 
W balance is impossible because of the 

reduced weight of the* inner column, * 
consequently a continuous overflow 
occurs at the discharge pipe end and 
operation has begun and continues as 
long as sufficient air is furnished. 

The air pressure necessary to keep a 
well in operation is sometimes considerably lower than that 
necessary to start the well. This is due to two causes: first, a 
pressure drop due to established column momentum, and second, 



Fig. 46. 
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a pressure drop due to actual falling of water level in the 
well. 

To explain the first cause it suffices to state that less energy 
or pressure is necessary to keep a column of water moving 
than is required to start the same column when at rest. The 
pressure difference is equal to the velocity head of the mov- 
ing column, or .434 — • 

The second pressure drop is considerably greater than the 
first mentioned and varies almost for every well. (Refer to 
Fig. 45 and note the static conditions as there shown.) When 
the well A is pumped, there is created a flow of water from the 
source C to the discharge pipe end. Immediately a loss of head 
appears in the stratum due to friction just as a friction loss 
occurs in a pipe line when transmitting water. The water col- 
urnn at the source, then, under dynamic conditions, cannot main- 
tain an equal head in the well and, consequently, the dynamic 
head in the well is lower than the static head by an amount equal 
to friction loss between source and discharge. This means that 
the column of water over the air nozzle in the well is shorter 
by the same amount, hence the air pressure is correspondingly 
reduced. 


The friction losses in water-bearing strata are governed by the 
same laws as those governing pipe-friction losses. The well drop, 
then, depends upon the resistance offered to the travel of the 
water by the obstructions in the stratum; upon the resistance 
offered by the strainer (or entrance loss at the well end if no 
strainer is used) ; upon the friction loss in the water discharge pipe 
and upon the amount of water being pumped. Clearly the head 
drop is different for each well and for each quantity of water 
pumped from any one well, and can neither be estimated nor 
otherwise determined except by experiment. By noting the start- 

*iP‘ 

ing and running air pressures and correcting for — , the drop in 

head in feet may be determined by multiplying the pressure dif- 
ference by 2.31. 


io8 


PUMPING BY COMPRESSED AIR 



In some instances the head drop 
is slight, but in others it is excessive, 
and so much so that the starting 
pressure necessary is considerably 
higher than the compressor can pos- 
sibly afford. To bring the starting 
pressure within the limit of the com- 
pressor, an auxiliary air line is often 
necessary, as shown in Fig. 47. The 
first head is pumped off by closing 
valve A and opening valve B, thus 
forcing the air through the shorter 
air line. After starting the weU, the 
valve A is opened and valve B is 
closed. The starting pressure neces- 
sary is reduced from 2.31 H to 2.31 
Hi, the former being necessary if 
only one air line were used. 

In designing an air lift to meet 
any given set of conditions, it is 
necessary that the head drop of the 
well be first known, otherwise a 
proper proportioning of submergence 
is impossible. It is the uncertainty 
of the head drop more than any 
other one thing that makes each 
well an individual problem to be 
solved. 

Having determined the head drop 
in any specific case when the desired 
quantity of water is being pumped, 
the next question is, what is the 
most economical submergence ? 
Submergence governs pressure. In- 
creased submergence means higher 
operating air pressure but decreased 
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air-slippage losses and conse- 
quently smaller air volume; de- 
creased submergence means 
lower operating air pressure but 
greater air-slippage losses and, 
therefore, larger air volume nec- 
essary. Evidently there is a 
point where the energy expended 
or pressure through volume is 
least. This point may be found 
experimentally by varying the 
submergence and running a test 
on each change. When this is 
done, and the air nozzle set at 
the proper point, the over-all 
efficiency (which includes up- 
keep and repairs) of an air- 
lift pumping plant compares 
most favorably with that of 
any other means of deep-well 
pumping. 

The high percentage of sub- 
mergence necessary is one of the 
most serious drawbacks to the 
air lift. For operation in places 
other than in a well, lack of 
submergence is sometimes com- 
pensated for by dividing the 
lift into a number of stages in 
a similar manner as is done in 
high-duty pumping with the dis- 
placement pump, previously de- 
scribed in Chapter II. Fig. 48 
shows diagrammatically the gen- 
eral idea of a stage lift. Owing 



Fig. 48. 

to the small area available such 


an arrangement is impracticable inside of a bored well. 
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the discharge valves when operating against various terminal 
air pressures. 

In Fig. 55 is a curve plotted between well head drop in feet as 
the ordinate and gallons of water per minute as the abscissa. 
The curve shows a fairly regular drop between 700 G.P.M. and 
1100 G.P.M., but as the quantity is increased further, the curve 
is broken and irregular. This is due to the fact that it was 
necessary to force the well beyond its normal capacity to yield 
greater than 1100 G.P.M. 

Referring to Table 10, it is seen that 1106 gallons of water per 
minute is the economical capacity of the well, and that the 
pumping head is 37.1 feet. The next thing to be determined is 
the submergence best suited. In other words, when pumping the 
economical capacity of the well, and hence operating against the 



TABLE 10. 

Mean Results of Tests of Water Well Owned by City of Hattiesburg, Miss. 
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corresponding pumping head, how far below the 37.1 feet should 
the air nozzle be located? This can readily be determined by 
again changing the length of the air line, and so regulating the 
compressor speed at each change that the quantity pumped from 



the well will remain the same, i,e,^ 1106 gallons of water per 
minute. Tests run as before will now show the most economical 
point of submergence when pumping this desired quantity of 
water. Usually five or six such tests will suffice and the results 
plotted on coordinate paper will give the proper location of air 
line. Nine trials were made on the Hattiesburg well as shown 
in Table ii, which is the log of results and the computations. 
Fig. 56 is the submergence curve plotted from these results and 
is typical of such curves. 

The submergence curve shows that, between 65 per cent and 
50 per cent and between 7 5 per cent and 95 per cent submergence, 
the efficiency falls off very rapidly, but between 65 per cent and 
75 per cent submergence, the efficiency difference amounts to 
less than i per cent. By extending the curve downward on the 
left, it is shown to be impracticable to pump at all under 20 per 
cent submergence. It was impossible to test under lower sub- 
mergence than 50 per cent because of insufficient available air 
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No set rules can be given as to what is proper submergence 
and no formuke can be derived that will be even an approximate 
guide. It is purely a matter of experiment in each individual 
case, and an air lift should never be installed without such 
experimenting. It is always best to obtain the advice of ex- 
perienced men in any installation, for an air lift improperly 
designed and installed is one of the most criminally wasteful 
means of pumping known. 
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cending bubble expands steiidily and occupies a steadily in- 
creasing space in the discharge pipe. This reduces tlie effective 
area for water flow, and, therefore, to maintain a constant ciiian" 
tity of water through the discharge pipe length, the velocity of 
the column must also increase as it ascends, ddre velocity of 
travel at any point in the pi{)c is exi>ressed by the formula 
used in a subsequent chapter in hydraulic computations, or 

() = av (56) 


In the present instance, () == cubic feet of air plus cubic feet of 
water per second, while a and v eciuals cross-sectional area of the 
pipe in square feet and the velocity in feet per second, res])e(> 
tively, a.s before. 1lie air volume is the variable factor and it 
increases from bottom to top of discharge i)ii)e very nearly in 
accordance with the following formula:’^ 




(57) 


^ = volume of compressed air in cubic feet per second; 

(2a = air volume in cul)ic feet of free air per second delivered 
l)y tlie comi)ress()r; 

X = <listance from discharge pipe toi) to the point where the 
volume is to he determined; 

I = total length of the discharge pipe; 
r = ratio of air comi)ression. 


The author has no knowledge of any reliable experimental 
data obUiined from tests made under working conditions, and 
that were intended to show just what the most advantageous 
velocities should he in a discluirgt^ pipe. It can In! said, howc^ver^ 
that the velocity of mixed air and water shouM at no point be as 
low as the velocity with which air will asetmd when sul>merge(l 
in still water, for then operation wouhl be impracticaibh*; on the 
other hand, the velocity at no point shouki he so higli tliat the 

* From Omi pressed Air^ f^y Frof. Flnit» (i, IlarriH. 
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VELOCITIES 

t has been shown in preceding chapters that the greatest 
; encountered in air-lift |>ractice is that due to the slippage of 
[)ast the water in the Jiscending column. It has also been 
iionstrated how this los.s varies with the difTcrent <lcpths of 
'mergence of tht* air piping. We come now to another hictor 
ic:h affects very materially the efficiency of operation, and that 
he design of the discharge piping to he installed in the well, 
selecting discharge pipe sizes or, in other wtmls, in fixing the 
icity of the column of mi.\:ed air and water, there can be no 
er guide but experiment and experience, and the designer is 
ited and handicanied at every turn by the sizes of standard 
e and the small area of the bored well. 

!'o e.xplain the difficulties and the necessity for experience, 
skier the conflicting demands of efliciency when transmitting 
lixlure of compre.ssed air and water as is done by the air-lift, 
erring to the laws of friction of water flow in a subsequent 
ptcr, it is setui that the losses deiTease as the pipe size is 
reased; referring to the air-lift theory in Chapter IV, it is 
n that the air-sIipjKige losst's iiuTea.se as the velocity of flow 
liminished, or as the elischarge pipe is increased. Then, for 
•iency's sake, water <leman<is a large pipe, and air, a small one. 
'here must lie a point or, more corretdly, a velocity of flow of 
;ed air and water, where the sum of the water-friction losses 
, the air-slippage kis-ses is least, but owing to the variables 
ulvcd, this velocity cun only be determined by ex:|>eriincnt. 

'he discussion so far refers to velocity at the point of admis- 
i of air into the discharge pipe. As the air bubbles ascend, 
jsure falls, as before cxi>laint‘d, and, consequently, each as- 


VIvLOCITIES I 

per second, and at point of discharge was 8.5 feet per secoi 
The mean results of this test were as follows: 



I CompreHHor nizc* to" and X 12'' 

R.p.m. 165 

Actual cuUic feet of fra* air per mimilt*’ 316 

i Starting pressure (gauge*} at well, pouruls. . . no 

‘ Operating pressure (gauge)'at well, poumls. . too 

j Static head in well, feet. 135 

; Tt>tal pumping head, ptmutls. 161 

i GalloUH of water per minute 441 

I A.n.P........ 4H 

I A.II.P. (isothermal) 42 

W.H.i’ «8 

i W.Ft.P. 

, - 4;5!«=r«nt 

I Over-all efUdency of t>lant 30 per cent 


These results show that good cflkicncy can be obUiined wl 
the discharge velocity is k)wcr than the initial velocity. Th 
is no doubt, however, that considerable slippage losses occun 
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-friction losses will overcome any gain obtained by reduc- 
)f the air-slippage losses. The velocity then is fixed be- 
tween two rather indefinite limits, and all 
that remains to be said is, that as the 
ascending air volume increases, the col- 
umn velocity should increase also and 
thereby 'minimize the sum of the air-slip- 
page and water-friction losses. 

In a discharge pipe of uniform diameter 
from bottom to top, the velocity increases 
as the column ascends, thereby meeting the 
requirements just mentioned. In long dis- 
charge pipes of uniform area, the velocity 
of flow becomes excessive as the top is 
approached, hence it would appear advan- 
tageous to gradually increase the pipe 
diameter as it ascends. Some authorities 
seem to think that a column velocity of 
from six to twelve feet per second at the 
bottom, and from eighteen to twenty-five 
feet per second at the top is productive of 
good efficiency. Prof. Elmo G. Harris in 
Compressed Air states that an efficiency 
of 45 per cent was obtained in a well at 
Rolla, Mo., which was so piped that an. 
initial velocity of 9.5 feet and a discharge 
velocity of 22 feet per second were ob- 
tained. The well and pipe details are 
shown in Fig. 57. This is indeed a re- 
markably high efficiency, the lift consid- 
ered, and, in fact, is considerably higher 
than any the writer has found under simi- 
lar conditions. 

e author had occasion to test the air-lift plant, shown in Fig. 

[ the Mississippi State Insane Hospital at Jackson, Miss, 
velocity at the lower end of the discharge pipe was 11.4 feet 




m 


Fig. 57. 
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To illustrate the steps in designing an air-lift plant, assume a 
set of conditions as follows: 


Depth of well, feet 500 

Diameter of well, inehes, no reduclioiis. 8 

Diameter of strainer, inches 7J 

Length, feet 

Located below ground surface, feet. . . . 450 

Gallons of water per minute ^50 

Static head, feet 50 

Pumping head, feet 65 

Vertical lift iihovc ground, feet 10 

Horizontal distance, feel 200 

Location of compressor from well, feth. 500 
1 ype of compresst)r Straighldine, steam-driven 


The total lift, neglecting friction, is 75 feet. The first thing 
to be computed is the air pressure and, to do this, sul)mergencc 
must l)c fixed or assumed. Under conditions as wStated about 65 
])er cent sulimergeuce is a good selection. Tlie sul)mergence in 
feet will be 1.5 X 7$ = 112.5 and the operating pressure, neglect- 


ing the slight reduction caused by 



X 0.434), will be 1 12.5 X 


0.434 - 4H.8 pounds. The U^igtli of air line from well top to 
lower end is 112.5 +65 == 177.5 feet and the discharge line, 
112.5 + 75 “ 1 87. 5 feed.. I'o the Ixdtom of the discharge line 
should be added about twenty feid. of straiglit pipe having a l)ell 
mouth to reduce the entrance losses of llu^ wattu\ 


The number of cubic feet of free air necessary is next to be 
ascertained. This may be computed by subslitution in one of 
several empirical formulas. A very good formula proposed in 
part !)y Mr. lul. Rix and in part liy Mr, T. IL Abrams is as 
follows: 


where 




// 


C log 


4/ ■+■ 34 

34 


(5X) 


Fa == cubic, feet of free air per minute (piston displacement) 
per gallon of water; 
h = head in feet; 

C = constant; 

H «= submergence in feet. 
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in this installation and particularly at the point of increase in 
size of casing. The results of a test, made with an 8-inch dis- 
charge pipe extending from the swadge nipple to the point of 
overflow, would have been interesting. 

In designing well piping practical limitations often make it 
impossible to exercise sufflcient care. The bore of the well is 
usually small, hence the diameter of the pipe it will accommodate 
is very much limited. Then, too, standard pipe sizes prohibit 
nicety of design even were well diameters sufficiently large. 
The air line should be as large as possible for obvious reasons. 
An air velocity of 30 feet per second is considered good practice, 
but lower velocities should be employed when possible. 

Practical Design. — With the formulae, tables and other 
information given in this and preceding chapters, it is a simple 
matter to prepare designs that will be safe in practice and within 
5 to 10 per cent of the highest obtainable efficiency. Best 
efficiency may be obtained only by running tests and making 
changes that the results indicate after the plant has been 
erected. 

The data necessary for intelligent recommendations are as 
follows: 

1. Number of wells to be pumped; 

2. Entire depth of each; 

3. Inside diameter of casing at top and bottom and, if diam- 
eter is reduced, to what depth is reduction made, and to what 
diameter; 

4. Location, length and diameter of strainer, if used; 

5. If no strainers are used, to what depth well is cased; 

6. Gallons of water per minute to be pumped; 

^ 7. Static and pumping heads; 

8. Distance from contemplated location of compressor to 
wells; 

9. Horizontal and vertical distances that water is to be con- 
veyed after leaving mouth of well; 

10. Type of compressor preferred. 


VELOCITIES 129 

;ing the volume of compressed air passing through the 
de per second (formula PV = PiFi will apply) and adding 
the number of cubic feet of water per second pumped. 
5sume an initial column velocity within the limits given, 
ite in the formula and solve for a as follows: 

Q = av 

0.425 + 0.56 = a X 9 

a = 0.109 ^^qi-iare feet == 15.7 square inches. 

7 square inches is the net area required for mixed air and 
ravel. Since the air line is to he suspended inside the 
je i>ipe, the outside area of the former must be added to 
aare inches to give the total area of discharge pipe re- 
in Table 14, Chapter VII, the outside area of i§-inch 
>.164 s([uare inches, hence the total area of disckirge pipe 
: of admission of air must l)c 15.7 + 2.164 = 17.864. 
i, rcfcrriiig to Table 1:4, it is seen that the area of a 5-inch 
19.986 sejuare inches, and of a 4j-inch pipe 15.961 
inches. Rt^duedng these areas to square feet, sul)stitut- 
he formula and solving this time for v, it is found that, 
a initial column velocity would l)e 

0 feet i)er second and, l)y using a 5-inch pipe, the initial 
would be about 8 feet per second. Both pipe sizes, 

Ford initial velocities within the limits of wlxat is con- 
good practice, and the question now is, which of the 
s is the l)etter for practical purposes, 
lischarge velocity for a pipe of uniform diameter of 5 
v^ould be al><)iit. 21 ft^ei per second, while the discharge 
of a 4.1-inch |)ipe would he aI)out 27 feet per second, 

1 4I <lischarge should be increa.scd at a point where the 
is a!)Out 20 feet per s(H*ond to 5 inches in order to lower 
:iarge velocity and likewise lower the water-friction lo.ss. 
)()int where the discharge pipe is increased, there occur 
1C to sudden expansion of section and also eddy losses, 
iuse additional air slippage; therefore, it is l)cst where 
il and discharge velocities are within the required limits, 
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The values of C for various lifts are given as follows: 


lo to 6o feet inclusive 245 

61 to 200 feet inclusive. 233 

201 to 500 feet inclusive 216 

501 to 650 feet inclusive 185 

651 to 750 feet inclusive 156 


Substituting the values of the present assumed conditions and 
the calculations therefrom for the symbols in the formula we 
have: 

Y 75 

T II2.S + 34 

233 log ^ 

34 

and solving: 

Va = 0.51 cubic feet per gallon. 

The free air capacity per minute required for the well is 
0.51 X 250 = 127.5. 

Regarding air-pressure and free-air-capacity requirements, it is 
well to add in passing that a compressor of from 10 to 15 per cent 
reserve capacity in both be selected for future contingencies. 
This because at some not distant date more wells may be drilled 
in the same stratum by other parties in the neighborhood and 
lower the pumping head of the present well, or the pumping head 
may be lowered by geological causes, as often happens. This 
would necessitate changes in piping and consequent increase in 
air volume and pressure. An 8" and 9" X 12" compressor oper- 
ating at 160 revolutions per minute has a capacity of 142 cubic 
feet of free air per minute at 50 to 75 pounds pressure. This 
machine would fit the requirements very satisfactorily. 

The surface air line, designed according to principles given in 
a succeeding chapter, will be 2 inches in diameter. This size 
will convey the air with a pressure drop of about 1.3 pounds 
between receiver and well top. Inside the well, a ij-inch line 
will convey the air at a velocity of about 29 feet per second with 
a pressure drop of about 1.5 pounds between well top and the 
lower end of the air line. 

The water-discharge-pipe size may be determined by first 
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as they are here in 5-inch pipe, to use a discharge line of uniform 
diameter. In other words, unbroken velocity Unes are preferable 
to broken ones. 

The conditions in the installation in question deihand that the 
water be raised 10 feet above ground and transmitted horizon- 
tally a distance of 200 feet. If a closed line were used between 
the well and the point of discharge the friction imposed would be 
excessive; for itwiU be remembered that the- velocity of flow at 
well top is 21 feet per second. Besides this loss, when air and 
water are transmitted horizontally and especially after striking 
an obstruction, the air rises to the top of the pipe and rides 
over the water, consequently considerable energy is dissipated. 
This may be overcome by extending the pipe vertically from 
the well a certain distance in addition to the ten feet and there 
separating the air from the water. The friction loss then to be 
contended with is only that of the water. The additional height 
of pipe necessary is the sum of the water friction head and the 
head required to produce the flow of water. Using a s-inch 
surface line, this amounts to, including four elbows. 



= 3.01 -t- 0.924 -f- 0.3 = 4.23 feet 


or say, for safety, 4 feet, 6 inches. 

This additional 4 feet 6 inches to be pumped against reduces 
the submergence percentage to 58.6 per cent and increases the 
pumping head to 79.5 feet. Water-friction losses in the well 
have been disregarded as it is impossible even to estimate these 
intelligently. Fig. 59 shows the completed design. 

As before stated, it is well to install a discharge line some 20 
feet deeper than the air line; so that, when finally adjusting the 
submergence from tests, only the air line will have to be handled. 

Very often on starting a well after a period of idleness, large 
quantities of sand are discharged with the water. To prevent 
this sand from clogging the horizontal line or being conveyed to 
the reservoir, the valves shown by A, B and C in Fig. 59 are in- 
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sand that may have found its way into the well, and also loosen 
and remove sand that may have become packed on the outside 
around the strainer walls. 

Figures 60, 61 and 62 show various other methods employed 
for conveying water horizontally and vertically after leaving 
the well. In Fig. 62 the air-lift is shown discharging in a tank 
elevated some distance above the ground surface. I'his arrange- 
ment is seldom to be recommended because, as will be seen later, 
the efficiency of pumping falls off rapidly as the lift is increased. 
It is best to pump to the surface, or only a few feet above, with 
the air lift and then employ other and more efficient apparatus 
for further elevation. 
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stalled. By closing C and A and opening B, the sand-laden water 
is allowed to go to waste, and after clearing, the water is per- 
mitted to flow to the reservoir by closing B and opening C and A . 



line and operating the compressor at maximum speed. When 
the highest allowable pressure is reached, suddenly open valve 
B, then, after the head has been blown off and the pressure 
reduced, close B and repeat the operation as long as sand appears 
with the water. When all surface outlets are closed and, as the 
air pressure builds up, the water is forced back through the 
strainer into the stratum; when the surface valve is opened, the 
water rushes back through the strainer into the well. The con- 
tinuous outgoing and incoming rush of water will remove any 




^-’1 fhi? iVit.- .iir are actual ami in v'Cip'^ling 
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CHAPTER VII 
PUMPING SYSTEMS 
CENTRAL PIPE (OPEN END) SYSTEM 

A system of well piping very often found is that shown in Fig. 
63. It consists, as shown, of a discharge line suspended from 
flange C, inside of which, suspended from an elbow, is the air 
line. Sometimes the discharge line is dispensed with and only 
the air line is suspended from the well top. In such installations 
the well casing serves as the discharge line. At best this system 
is a rough and ready affair with nothing but its simplicity to 
recommend it. Probably the inefficiency is largely accountable 
to the sudden change in direction of flow that the air must take 
to follow the water upward and out of the discharge pipe. The 
down coming air strikes the upward moving water column and 
undoubtedly, it is considerably retarded in its flow. 

Performance. — A test on this system was run by the writer 
on a well owned by the Houston Ice & Brewing Co., at Houston, 
'I'c-xas. The methods of conducting the test, making observa- 
tii)ns, etc., were quite the same as previously described. The 


results were as follows: 

Total <lq>th of well, feet 610 

I >ianieter of casing, inches 8 

Diameter of ciist harge iiipe, inches 31- 

Diameter of air pipe, inches li 

Length of dist'harge pipe, feet 355 

Length of air pii>c, feet, 320 

Static iiead in well, feet 85 

iJistance above surface water lifted, feet 9 

Total pumping head, feet 115 

Starting pressure at well, pounds 107 

OptTating pressure at well, pounds 94 

(iallcms of water jHir minute pumjKjd 120 

Atiual <*uhic feet free air jkt minute 74.5 

Hulmiergence, jx^r cent 6 $ 

A .1 L F. hy indicator diagrams 12. i 

AJLP. (isothermal) 9*5 

W.H.F 3*6 

Pumping efficiency, per cent 37 

Over-all efficiency, per cent 29.7 
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and leakage. Also, the air pressures given must be cor- 
for frictional losses. 

I Saunders’ System. — This system has been discussed in 
ious chapter. A practical installation is shown in Fig. 65. 



Kwt Lift 
Fig. 64. 


scharge line is suspended from the flange C and the com- 
I air is jKimitted by means of the special fittings attached 
well lop. One of the main olijections to the Saunders’ 
is the likelihood of air leakage through the well casing. 
:ceHsfully operate the system in a well having a defective 
it is necessary to install an auxiliary pipe line inside the 
and admit the air between this line and the discharge 

ormance. — A test of the Saunders’ system was made by 
;ter on oil well No. 32 of the (Irowley Oil & Mineral Co., at 
elinc. La., and the results published in the Proceedings of 
icrican Society of Mechanical Engineers, Vol. 31, page 311. 
tnary of the results is as follows: 
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PUMPLN'G nV COMPRKSSKD AIR 




'I ut;il iicptfi uf well, feet 

Dianu'ter «»f easing, iui lies 

DiaincUT of (Hm har^t* pipe, inches. . . . 

Lenglh of disi harj.;e pipe, feet. 

Total pumping head, feet 

Operatiii^' air pressure at well, poimtis 
Cialluii- ttf thud- pinnped per ininuti*, 
Weiidn t*l one of iluiil, pomid.^. 

Pereentait*’ of ..alt water in {luid, . , , . 

Per* f'ntai.^e *.»i ‘-an*! in tlni*! 

per* e!;!aee 1 4 t rn*!e oil in ilui*| 

ijfe lr> »*f i*i! , . 

A< tea! * ahje irrt uf free air {mt minute 

Per. »•!-.! .n’e * if .ulimep'i’m e 

A.H.P, !*> ijeliiator «li,4’,rain;> 

A.II.P. i othefinal. 

U.H.P 


1S05 

6 

4 

^KiS >5 

153 

3 ~^ 

H .7 

''^7.3 

10.5 

O.Q 

573*5 

i^S.o 

107.5 

80.5 

0-07 


Puii'ipiiap'ne ien* 


W'M.V. 

A.Ii J*. ir oihermal i * * ’ “ 


(H-rr-all rha irns'y. *' f 




i-, the' .sul'»rnrrg«*ru3' and 
I’llJMeiu V' i ■ur\r.s ji!fd.!t*d as l>efurt‘ fx» 
I jilaiufd, I'ahle i { was i Minj till rt!, ffttnn 

: t!.ir *urv«‘s in ihr maiiiHT fxplainrd. 

: The Pohk System. l*h\|ilaMatit>n 

1 uf tltr prirniph" aiiti aHlMp of tills 

swTciii |.iriai idvrn, Fig. 

; -.hnw^ a pr.ii tieal iiista!l;ili<»n and 

i\ il and t\ *4 the stine figure art* 
I v.a'iofe- l%pf'> of foot pirirs soinef iriies 

I riop!ee\"rd I ho writer Inis never tested 

I eiflH-r tyjtrn {) nr /v ‘I he results fol- 

I !» eaiiip wrfr f dUaiiiisi from tests on Ihi* 

i 4 jihi*r two t^^pf^s shown, 

i / .. t Performance. -A test of the Pofile 

I systein of !%p** ’^^lowii a! (\ Fig. 67^ 

wa- made lyv the writer ill one <if two 
wells ow'-fied tiv flu* Ariiisirtiiig Ihickirig 
(*o., at I l.ilLe-o, 1Vyas. 1’lie iiielliod- employe*! were ideillieal with 
tlio,se i,irfore liiriiiiiirird, A summary of results is as follows: 
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PUMPING BY COMPRESSED AIR 


Total depth of well, feet 729 

Diameter of casing, inches 8 

Diameter of discharge pipe, inches 3-I 

Diameter of air line, inches 

Length of discharge line, feet 350 

Length of air line, feet 336 

Total pumping head, feet 121 

Starting pressure at well, pounds 102 

Operating pressure at well, pounds 90 

Gallons of water pumped per minute 135 

Actual cubic feet of free air per minute 85 

Submergence, per cent 64 

A.H.P. by indicator diagrams 12.5 

A.H.P. (isothermal) 10.7 

W.H.P 4.1 

Pumping efficiency, % A.H.P^iSermal) 37-5 

Over-all efficiency, % 32.8 



Fig. 66. 

Figure 68 shows the curves plotted from a number of such 
tests and in Table 14 are the results computed_^from the curves. 

Central Pipe (Perforated End) System. — Fig. 69 shows the 
usual installation of this system. The air and discharge piping is 
suspended as in the open-end system. Near the end of the air line, 
a number of holes one-eighth of an inch in diameter are drilled. 
The sum of the areas of the holes so drilled should be equal to at 
least one and one-half times the area of the air pipe. It is best 
to leave from 6 to 8 feet of blank pipe with lower end open, 
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PUMPING BY COMPRESSED AIR 


Total depth of well, feet 729 

Diameter of casing, inches 8 

Diameter of discharge pipe, inches 3-I 

Diameter of airline, inches ij 

Length of discharge line, feet 350 

Length of air line, feet 336 

Total pumping head, feet 121 

Starting pressure at well, pounds 102 

Operating pressure at weU, pounds 90 

Gallons of water pumped per minute 13S 

Actual cubic feet of free air per minute 85 

Submergence, per cent 64 

A.H.P. by indicator diagrams 12.5 

A.H.P. (isothermal) 10.7 

W,H.P 41 

m W.H.P. 

Pumpmg efficiency, % A;H.p;(iso&al) ^ 

Over-all efficiency, % 32.8 



Figure 68 shows the curves plotted from a number of such 
tests and in Table 14 are the results computed^from the curves. 

Central Pipe (Perforated End) System. — Fig. 69 shows the 
usual installation of this system. The air and discharge piping is 
suspended as in the open-end system. Near the end of the air Hne, 
a number of holes one-eighth of an inch in diameter are drilled. 
The sum of the areas of the holes so drilled should be equal to at 
least one and one-half times the area of the air pipe. It is best 
to leave from 6 to 8 feet of blank pipe with lower end open, 
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below the preforations; for if the lower end is plugged, scale and 
dirt from the air line will accumulate and will eventually clog the 
small openings. With the e.'ctension of the pipe no air will reach 
the pipe end, but instead, will follow the path of least rc.sistance, 
which is through the holes. This is indicated in Fig. 69. 

The small openings mentioned divide the air bulk into small 
streams and thoroughly aerate the column. Considerable gain 
in economy over other systems is realized thereby, as may be seen 
by compari.son of the curves and tables. 

Performance. — A test was made by the writer on one of 
two oil wells oi)eratcd with this system and owned by the Mamou 
Power Co., of Evangeline, La. The methods employed in test- 
ing were identical with others mcntione<l, with the exception 
that the fluid pumped was measured by means of an 18-inch 
rectangular weir. 
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PUMPING BY COMPRESSED AIR 


of tests 
average 


Total depth of well, feet 1900 

Diameter of casing, inches 6 

Diameter of discharge pipe, inches 4 

Diameter of air line, inches ij 

Length of discharge pipe 1510 

Length of air line 1492 

Total pumping head 895 

Operating air pressure at well, pounds. , . 250 

^ Gallons of fluid per minute pumped .... 45-2 

Weight of one gallon of fluid, pounds .... 8.72 

Percentage of salt water in fluid 87.7 

Percentage of sand in fluid 1.2 

Percentage of crude oil ii.i 

Specific gravity of oil 0.9 

Actual cubic feet of free air per minute . 326 

Percentage of submergence 39.8 

A.H.P. by indicator diagrams 74.5 

A.H.P. (isothermal) 60.7 

W-H.P 10.6 

Pumpingeffidency,%^^j^|^^ xr-S 
Over-all efficiency, % 14.3 

Figure 70 shows the submergence and 
efficiency curves plotted from such tests 
as this one, and in Table 1 5 are the results 
computed from the curves, as before. 

Summary. — Fig. 71 shows all the 
efficiency curves plotted on one sheet. 
This gives an excellent comparison of 
the various systems, and the curves 
taken as a whole will be found very 
accurate statements of the possibilities 
of the air lift in-so~far as economy of 
operation is concerned. . Th^^jom ves - 
show that the efficiency of all systems 
decreases with an increasing discharge 
head, other conditions remaining con- 
stant. It must be remembered that 
these curves are plotted from the results 
of a large number of wells and every point represents the 
results of a separate test. 



Fig. 69. 
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efficiency curve plotted from tests in any particular well 
; quite different. In nearly all the wells tested by the 
, the efficiency increased with the lift up to a certain point, 
rther lift increase was accompanied by efficiency decrease, 
clearly indicated by the results of the test made on the 
Hattiesburg, Miss., given in Chapter V. 

;ial Applications. — d'he air lift is very often employed 
lifting and transmitting of many fluids and semi-fluids 
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thaur water. In a mine in Mexieo, sand mixed with 
1 [jereentage of water is pumped with ('ompressed air. 
ilorado Schtxd of Mines Magazine <lescril>es this oiitlit in 
tion with tlie diagram reproduced in Fig. 72. d'he arrange- 
A pilling, lift and other details arc fully shown in the 
Tlie volume of air necessary to do the work was from 
, cubic feet of free air to each cubic foot of sand or slime, 
e air pressure necessary was 28 pounds, 
ailway and Locomotive Engineering, a device for transfer- 
ain with compressed air is described. Fig. 73 shows the 
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The operation consists in lique- 
fying the sulphur by either melt- 
ing or dissolving and pumping 
the mixture to the surface into 
closed tanks, where the sulphur 
is settled. . The hot water is 
drawn off the top and goes 
through the heaters again and 
thence to the well, again liquefy- 
ing the sulphur, and so on. 

For lifting the fluid compressed 
air has been found more satis- 
factory than either a horizontal 
or a vertical plunger pump. In 
Fig. 74 is shown the air-lift 
applied to this service. 

The well casing extends a short 
distance into the sulphur and 
is there anchored. The uncased 
hole is continued down to the 
bottom of the stratum of sulphur 
and, next, the well is piped, as 
shown. Steam is admitted be- 
tween the discharge line and well 
casing, and in a short time the 
sulphur is melted by it. The 
liquid sulphur fills the hole and 
rises up in the discharge pipe 
when air is admitted, and the 
mixture of molten sulphur and 
steam is lifted to the surface 
where the two are separated. 
Besides melting the sulphur, the 
steam also assists in the actual 
pumping. 



Fig. 74. 
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arrangement in detail. The lower air nozzles lift the grain to 
the elbow at the top, and the horizontal nozzle at that point 
furnishes a blast that transmits the grain horizontally to the 
desired place. It is said that the device, when supplied with air 
at 90 to 100 pounds, will do the work of five or six men. 

Three combination patents on systems of mining sulphur 
have been granted to Mr. Herman Frasch. All systems consist 



Fig. 73. 


of a bored well penetrating the sulphur, closed surface discharge 
tanks and some means of pumping. In patent No. 461,429 the 
pump used is the familiar vertical direct-acting type with the 
plunger attached to rods and operating in a working barrel in 
the well; and in patent No. 461,430, a horizontal, hot-water 
steam pump is used to force the liquifying agent into the well 
and out of the discharge line. 
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arrangement was made to obtain well 
conditions such as are met within the 
field, but, obviously, this was impos- 
sible. No head drop was provided, 
the lifts were low and the quantity of 
water pumped very small. While such 
experiments are always interesting, it 
is hardly fair to condemn an appliance 
when tested under conditions that 
were not contemplated when the de- 
sign was prepared. 

The Bacon System. — In 1895, 
James E. Bacon was granted a patent 
(No. 542,620) on an air-lift system, 
which consisted of a discharge pipe 
installetl as in the Saunders’ system, 
and providc<l near the lower end with 
a hole, thus admitting air to the water 
column before the surface of the water 
outside the i)ii)e had l)cen lowered to 
the end. The Hudson Engineering & 
Contracting Co. now manufacture an 
improved Bacon System, the details 
of which are shown in Fig. 75. Air is 
forced between the discharge pipe and 
either the well casing or the auxiliary 
pipe, which latter is .shown installed. 
The water level is lowered until the 
holes in the foot piece are exirosed, 
when, immediately, air is admitted 
to the water column, and operation 
begins. 

The holes divide the air volume 
into a number of fine streams, and 
thorough aeration results. The bell 
mouth of the foot piece has for its ob- 



Fig. 76. 
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COMMERCIAL SYSTEMS 

Several companies specialize in the manufacture of air-lift 
pumps for which are made more or less elaborate claims of 
superior economy. Tests comparing per- 
formances with one or more of the sys- 
tems described in Chapter VII are often 
“ 1 * ^ published to substantiate the claims. 

1. These manufactured systems consist of 

-Jfi W specially-designed head and foot pieces 

and in some, claims of superior efficiency 
are based upon refined designs of nozzles 
and deflector tubes properly placed in the 
foot piece. Whether or not any material 
gain can be so obtained has been the cause 
of considerable discussion and in a paper 
entitled An Investigation of the Air Lift 
Pump, by Professors Davis and Weidner, 
it is stated, after considerable experiment- 
ing, that ^^The type of foot piece has very 
little effect on the efficiency of the pumps, 
so long as the air is introduced in an 
efficient manner and the full cross-sec- 
tional area of the eduction pipe is realized 
for the passage of the liquid. Anything in 
the shape of a nozzle to increase the kinetic 
energy of the air is detrimental,” The 
ex:|)eriments on which this conclusion was based were made 
in the laboratory of the University of Wisconsin, and the well 
was constructed above the ground surface. Every possible 




Fig? 75. 
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by the Harris Air Pump Co., and is shown in section in Fig. 76. 
The arrows indicate the air and water travel and illustrate the 
aerating process. By enlarging the body of the pump around 
the air tube, uniform area for the travel of the water is obtained. 

Figure 77 shows a Harris pump installed on the end of the dis- 
charge line in a well. 'Fhe well-top connections are also shown. 
The branch pipe B tapi)ed into the main line admits air l)e- 
tween the well casing and discharge pil)C, thus putting an outside 


Fu; 78. 


pressure on the water surface. It is claimed that this auxiliary 
pressure prevents surging of the water and thereby steadies the 
flow from the well. The author has tested the system with and 
without the outside |>ressure and finds no appreciable dilTerence 
in efiiciency. 

Figure 78 is the flow from a well of the Indianapolis, Ind., 
Water Works equii>ped with the Harris system. 

Figure 79 is a drawing of an air-lift plant installed by the 
Harris Air Pump Co., at Shirley, Ind. 'Fhc well is equii>ped with 
the Harris pump and in a i)it near the well is installed a Harris 
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ject the reduction of entrance losses of the water. No air pipe 
is employed yn the well, and consequently, the friction losses 
of air in this pipe are eliminated and the full area of discharge 
pipe is available for water travel. 



The Harris System. — In 1904, W. B. Harris was granted a 
patent (No. 814,601) on an air pump, which con-sisted of an 
ejector arrangement and contracted passageway. The pump, 
somewhat improved over the original design, is manufactured 




COMMERCIAL SYSTEMS 


155 


pneumatic displacement pump. The water is pumped from 
the well and flows by gravity into the displacement pump, and 
is then pumped up into an overhead tank. The operation is 
entirely automatic. 

The motor driving the compressor is fitted with a pressure 
control so that variation of water level in the overhead tank 
starts and stops the system. 

For raising water from the well above the surface of the ground, 
the Harris Air Pump Co. sometimes install their booster system. 
This arrangement consists of an enclosed tank attached to the 
well top into which the mixture of air and water is pumped. 
The air is separated from the water and the former, rising to the 
top of the tank, exerts a pressure on the water surface lifting it 
the required height, 'fhe water volume in the tank is regulated 
by a float valve. When excessive air accumulates and the water 
level is lowered, the valve is actuated and the surplus air is allowed 
to escape to the atmosphere. Fig. 8o shows the arrangement. 

The Weber System.- “Materially dilTcrent in construction 

and operation from any air lift yet described, is the system manu- 
factured l)y the Weber Subterranean Pumi) Co. 'Fhe principle 
of operation is identical with that of the displacement pump. 
In fact, it is actually a deep well displacement pump. 

Figure 8i is a broken section of the foot piece and Fig. 82 is a 
diagram of a two-well installation. The return-air principle is 
here emi)loye(l and the air is ^^switcheeP’ from well to well and 
the exhaust from each well is admitted to the compressor suc- 
tion by the reversing valve shown. When lifts arc very high, 
the system is installed in stages. 

Tests. “Th(^ author has tested a number of wells equii)i)cd 
with two of the makes of commercial systems described, and the 
results in some instances show them to be from 10 to 30 per cent 
more eflicient than the systems described in Chai)tcr VII. In 
other instances the efiiciencies were about eciiial but in no 
instance was the efiidency lower. Experience seems to indicate 
that the superiority of the manufactured systems becomes more 
evident as the lift is increased. 
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from the compressor. A larger number 
of wells or pumps scattered over a 
considerable area may consequently be 
operated from a central plant. This 
centralization of machinery and effort 
makes for a considerably lower operating 
cost than that of independent plants 
placed at each well which would be nec- 
essary if either steam-driven or centrif- 
ugal pumps were used. 

Temperatures. — The air-lift handles 
with equal facility liquids of all densities 
and temperatures. In fact, some ad- 
vantage in efiiciency is gained by hand- 
ling hot fluicis. The air absorbs the 
heat and cxi:)ands in proportion. 

Capacity. — Owing to the fact that 
there is little in the well to obstruct the 
water flow and further owing to the high 
velocity of travel, a larger cpuintity of 
water may be i)um{)e<l from a well with 
the air lift than can be pumped by any 
other apparatus. 'I'hc total capacity of 
the well may be pumped and conse- 
quently the air lift is invaluable for test- 
ing wells. 

Aeration. d'he expanding air in the 

discharge pipe abstracts heat from the 
water and hence lowers the temperature. 
It has been found that the temperature 
reduction amounts to from 3 to $ degrees 
and sometimes even more. 'I'his in- 
creases the value of the water for con- 
densing puq^oses. 

Another advantage of thorough aera- 
tion is that the quality of water is im- 
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Conclusion. — The advantages obtained by using conapressed 
air as a means of pumping are many, but like all other systems, 
there are also objectionable features. Summarizing from pre- 
ceding pages, advantages and limitations are, briefly, as follows: 



Fig. 80. 


Advantages — Long Distances. — Owing to the compara- 
tively small losses encountered in transmitting air through prop- 
■ erly-designed pipe lines, both the air-lift and the displacement 
pump may be operated efficiently when located at long distances 
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proved by oxidation o£ impurities, such as iron. Many in- 
stances are on record where well water was unfit for domestic 
use until after the installation of the air lifts. 

Maintenance. — There arc no moving parts or wearing 
surfaces in the well, and, therefore, the cost of upkeep and 
repairs is negligible. The absence of moving parts makes the 
air lift loarticularly adaptable to handling gritty liquids, sewer- 
age, acid or alkaline solutions and, in fact, any liquids or semi- 
liquids whatever. No form of mechanical deep-well pump can 
accomiolish this without excessive repair cost and expensive shut- 
downs . 

Limitations — Submergence. — One of the most serious 
handicaps to the air lift is the high percentage of submergence 
necessnry to proper operation. On this account, installation in 
shallow wells with comparatively high lifts is impracticable. In 
surface i>umping, the dilHculty may be overcome by staging the 
lift, bu.t the small diameter will not permit of staging inside of a 
well. 

Efficiency. — While the actual pumping efficiency of the air 
lift is ndmittcrlly low, still the over-all efficiency figured from the 
power end of the compressor to water delivered in the reservoir 
and tnking into account upkeep and repairs, compares most 
favorably with any other means of deep-well pumping. 

Surface Pumping. — ff'he lo.sses encountered in transmitting 
water liorizonhilly and vertically at, and al)ave, the ground sur- 
face h.uve already been pointed out. It is unwise to so employ 
the air lift without making special arrangement as shown and, in 
fact, the air lift is not adaptable to nor intended for such work. 
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Combining Charles’ and Boyle’s laws, we have the formula 


T Ti 


(6o) 


Joules’ Law. Wfien a perfect gas expands, doing no external 
work, the tcmpcralure remains constant. For instance, in the 
equation 

PV _ AFi 
T Ti 


if T = Ti, vfc have PV = PiVi, which is the law of expansion 
of a perfect gas. 

Specific Heat. - - The specific heat of a substance is the 
amount of heat (B.t.u.) that is required to raise the temperature 
of one pound of the substance through one degree Fahrenheit. 

Specific Heat at Constant Volume Cr- — In the equation 

PV _ PiFi 
T 1\ 


P P\ 

if V = Vx, then we have r; = — ^ which is the law of Charles. 

1 li 

Suppose we have a certain volume of air contained in a 
sealed receptacle and the temperature is raised i° F. The 
pressure is thereby raised according to the above law, and the 
intrinsic energy of the air is increased. No work is done, how- 
ever, because work equals pressure multiplied by distance, and 
by our supposition, the latter factor is zero. The specific heat 
at constant volume, then, of air is the amount of heat (B.t.u. or 
fraction thereof) that is rcciuired to raise the temperature of one 
pound of the air through i° F., the volume being kept constant 
as above. C, for air is found by experiment to be 0.169. 

Specific Heat at Constant Pressure Cp. — Assume in this 
instance, that we have a vertical cylinder containing a quantity 
of air and resting on the air, is a frictionless piston of constant 
weight, or jiressure P. If the air is heated, the volume will 
increase, moving the piston outward and external work is per- 
formed. The specific heat at constant pressure, then, of air is 
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While it is not the intention to go into the subject of com- 
pressed air, and the thermod3mamics thereof, elaborately, still 
there are certain principles and laws that should be stated 
briefly. On the following pages are given the basic laws 
and formulae of air compression that must be recognized when 
designing and installing compressed-air pumping plants. It is 
naturally assumed that the reader is familiar with such funda- 
mental definitions and expressions as are necessary to a com- 
prehensive study of the subject. 

Boyle’s Law. — At constant temperature the volume of gas is 
proportional to the absolute pressure, or PV = PiVi, where 

P == initial absolute pressure in pounds per square inch; 

V = initial volume in cubic feet; 

Pi = final absolute pressure in pounds per square inch; 

Vi = final volume in cubic feet. 


In other words, the law expresses the fact that if the pressure 
on a certain enclosed volume of gas is doubled, the volume will 
be half the original volume (if the temperature is kept constant 
meanwhile), or conversely, if, at constant temperature, the 
pressure is reduced by half, the volume will be doubled. 

Charles’ Law. — At constant volume the pressure of a perfect 
gas is directly proportional to the absolute temperature, or at 
constant pressure the volume is directly proportional to the abso- 
lute temperature, or: 


P 

T 



h 

Pi 


where T and Pi are initial and final absolute temperatures in 
degrees F. 

i6o 
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the air being compressed to increase the volume. Therefore, to 
write an expression for adiabatic compression, it is necessary 

that ^ be increased by an amount equivalent to the amount of 


external work done on the air by heat reaction during compres- 
sion. It has been shown in various works on thermodynamics 
that 


1.406 for air holds nearly true. 


^ _ ff ’)" where n — 

p. " (p)- t; 

(See Perry’s work on the Steam engine.) 

Work of Adiabatic 
Compression. - ~ Fig. 83 
shows a theoretical indi- 
cator card of an air cylin- 
der having no clearance. 

The total work done is 
equal to the work of cf nn- 
pression shown by the 
area under the curve be; 
plus the work of t^xJ)ul- 
sion of tile air from the 
cylinder shown by the 
area /blT; uiinus the work done on the piston by the intake air 
shown by the area PiVi. "rhen, calling () the total amount of 
work, 





(cr-) 


(62) 


and the horse pow<;r re((uired to compress one cubic foot of free 

air per iniimle adiabatically is 



Isothermal Compression. Isothermal compression is com- 
pression at constant temperature. In other words, it is com- 
pression wherein all heat is removed by some form of cooling 
device as fast as it is i)rocluced. The relation, then, existing 
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the amount of heat (B.t.u. or a fraction thereof) that is required 
to raise the temperature of one pound of the air through F., 
if the air is allowed to expand against a constant pressure. 
Therefore, Cp = C + heat equivalent of external work, and for 
air has been found to be 0.237. Cp and Cy are measured in 
B.t.u.’s, so to obtain their equivalents in foot pounds it is neces- 
sary to multiply by 778, and the products for convenience of 
calculation are called Kp and K^. 

Going back to our assumption of the cylinder and piston and 
assuming further that we have (W) pounds of the air: in order 
that external work be done and the temperature raised F., it 
is necessary that W (Cp — Cy) thermal units of heat be applied, 
or W (Kp — Ky) foot pounds of work. In order to raise the 
temperature T degrees, W {Kp — T foot pounds of work 
must be done on the air. Since work is equal to pressure through 
volume, we have 

Work = PF = TF X {Kp - iTy) X r ; 
or assuming {Kp — K^ = i?, we have the familiar formula 

PV = PFPPj (61) 

Theoretically, air may be compressed in two ways — adia- 
hatically and isothermally. 

Adiabatic Compression of air is compression without loss of 
heaL Consider, for instance, a perfectly insulated cylinder and 
piston having a full charge of air between piston and cylinder 
head. As the piston advances, the volume of air becomes 
smaller and the temperature rises, the former in inverse propor- 
tion to the absolute pressure exerted and the latter equivalent 
to the amount of work done. Under these conditions the air 
at the end of compression will retain all the heat so produced, 
and this particular compression is called adiabatic. In actual 
practice such conditions of compression are impossible. 

P V 

In adiabatic compression the law — is not followed 

Pi V 

strictly because as the temperature rises unchecked, it reacts on 
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the air being compressed to increase the volume. Therefore, to 
write an expression for adiabatic compression, it is necessary 

that “ be increased by an amount equivalent to the amount of 


external work done on the air by heat reaction during compres- 
sion. It has l)een shown in various works on thermodynamics 
that 


(Fi)” 


where n 


Q 




1.406 for air holds nearly true. 


Pi (vr c 

(See Perry^s work on the Steam engine.) 

Work of Adiabatic 
Compression. — Fig. 83 
shows a theoretical indi- 
cator card of an air cylin- 
der having no clearance. 

The total work done is 
equal to tlie work of com- 
pression shown by the 
area un<ler the curve be; 
plus the work of exi)ul- 
sion of the air froiti the 
cylinder shown l)y the 
area P^V^; minus the work <Ione on the piston l)y the intake air 
shown by line area /MV Tlmn, calling () the total amount of 
work, 



() -49H.7 AF 




(62) 


<and the horse power reciuired to (:omi)ress one cubic foot of free 
air ])er minute luliahatieally is 



Isothermal Compression. — Isothermal compression is com- 
pression at constant temperature. In other words, it is com- 
pression wherein all heat is removed by some form of cooling 
device as fast as it is pnxluced. The relation, then, existing 
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between pressure and volume at any instant is shown by the 
equation 

F,Vi - P2V2 = C (C14) 

Work of Isothermal Compression. Fig. 84 is the theoretical 

indicator diagram tif iso- 
thermal comj')ressitHi in 
a cylinder having tm 
clearance. Compricssicai 
begins as before at abso- 
lute |>ressure Pi and vol- 
ume Vi and ends at !% 
and F3. The total \Vi>rk, 
(), in foot pounds dcme 
on tlie air is ec{ual to the 
algebraic sum of the 
work of comi)ression» ex- 
pulsion, and the work done by the intake air, and is sliown in the 
equation 

(65) 



and the horse power required to compress one cubic foot of free 
air per minute isotihermally is 

Actual Compression with Clearance. — In the evcry-clay 
practice of air compression, neither of the two formukc would 
^•PPly) for it is impossible to design a cylinder wherein either 
adiabatic or isothermal compression can be obtained, 'rhe 
cylinder in which we are interested is equipped with a water 
jacket for the removal of some of the heat of compression and to 
facilitate lubrication, but all the heat cannot lie so removed. 
A certain amount is retained by the air itself, and some is left in 
the piston and cylinder walls. The actual compression curve, 
then, will lie somewhere between the isothermal and the adia- 
batic curves, and the exact location depends upon the efficiency 
of the water jacket; the temperature of the circulating water, etc. 
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TABLE 16 

Horse Power Required for Compressing One Cubic Foot of Free 
Air per Minute (Isothermally and Adiabatically) from 
Atmospheric Pressure (14.7 Pounds) to Various 
Gauge Pressures 

Single-stage Compression 

Initial Temperature of Air Taken as 60° F. — Jacket Cooling Not 
Considered 


Guukc 

pre«.sur<‘, 

poumls 

Al>solut«; 

prcHSurc, 

pouudH 

Nuxxiber 
of :itin<w- 
phoros 

Isothonnal com- 
prijssion 

Adiabatic comprc.ssion 

M(iun 

olTcctivt* 

prcHHure 

H.P. 

Mt^an 

efTt‘ctiv<‘ 

prcHHurc, 

tlicorcti- 

cul 

Mean 

effective 

pre.s:iuro 

plutt 15 

per cent 
friction 

II.P., 

theoreti- 

cal 

H.P. 
plus 15 
par cent 
friction 

S 

U9.7 

X.34 

4-13 

o.oiB 

4. -19 

5.12 

0.019 

0.022 

xo 

24.7 

I ,()8 

7 -.57 

0.0.43 

8.21 

9.44 

0.036 

0.041 

15 

20.7 

2.02 

ir.02 

0.048 

11.49 

1.4.17 

0.050 

0.057 

20 

34.7 

2.39 

12. (>2 

0.055 

14.. 40 

16.44 

0.062 

o,07X 

25 

39 7 

2.70 

14.98 

0.01)4 

i 9.94 

19.47 

0.074 

0.08s 

30 

44.7 

3 04 

19.30 

0.071 

19.32 

22,21 

0.084 

0.096 

35 

49 7 

3..IH 

17.90 

0.07H 

21 . .50 

24.72 

0.094 

0.108 

40 

54.7 

3 74 

19,28 

0.0S4 

23.53 

27.05 

0. 10.4 

0. X18 

45 

59-7 

4.o(> 

20,95 

0,090 

25.40 

29.21 

0. iir 

0.127 

SO 

(>4 7 

4.40 

21 .80 

0.095 

27.23 

31.31 

0.119 

0.136 

55 

e'nK? 

4.74 

22.95 

0.100 

28.90 

34.23 

0. 126 

0.145 

f>0 

74.7 

5.0H 

23. 9« 

0. 101 

30.. 53 

35.10 

0.133 

0.153 

65 

79 7 

5. 44 

24. Ho 

0. loH 

32.10 

36.91 

0.140 

0.161 

70 

H4.7 

5 . 79 

2.5.70 

0.112 

33. 57 

38.59 

0.146 

0.168 

75 

H9.7 

9,10 

26 . 92 

o.ii9 

35.00 

40.25 

0.153 

0. 175 

So 

94.7 

9 41 

27.. 52 

0. 120 

39.39 

41.80 

0.159 

0.182 

Ss 

‘>9 7 

9.7H 

28,21 

0. 12.4 

37.9.4 

43.27 

0.164 

0. 189 

90 

lot 7 

7,12 

28,9.4 

0,129 

38. 89 

44.71 

o.iG 9 

0.195 

95 

lO().7 

7 49 

29,90 

0.129 

40.11 

49.12 

0.175 

0.201 

100 

^ 114.7 

7. Ho 

30. 40 

0.1.42 

41.28 

47.49 

0 iHo 

0.207 

no 

124-7 

S 48 

31.42 

0.1.47 

44 .s 9 

.50.09 

0. 190 

0.21H 

120 

131.7 

9 i9 

32 . f jo 

0.1,42 

45.99 

52.53 

0.199 

0.229 

130 

144.7 

i 9. 84 

33.7.5 

0.147 

47.72 

.54.87 

0.208 

0.239 

140 

154.7 

XO.52 

34.97 

0.151 

49.94 

.57.08 

0.216 

0.249 

ISO 

1 64.7 

11.20 

35. 59 

o.iss 

5t..17 

59.18 

0,224 

0.258 

160 

174.7 

ir.HH 

39. 40 

0,158 

.53.70 

61.80 

0.2:44 

0.269 

IJQ 

1S1.7 

Xi.s9 

.37.20 

0. 162 

55.60 

64.00 

0.242 

0.278 

xSo 

194.7 

13.24 

38. 10 

0. i99 

57-20 

65.80 

0.249 

0,286 

190 

20\.7 

13.92 

38,80 

0,169 

.58,80 

67.70 

0.2.56 

0,294 

200 

2x4.7 

X4.f>0 

39 -.50 

0.172 

60.40 

69 . 50 

0.263 

0.303 
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the reexpansion of the clearance air, there is an amount of work 
qi returned to the receding piston, shown by the area hhg. 
Therefore, the net amount done by the piston is shown by the 
area hcdh^ or <2, and its value is given in the expression. 



Now (Fi — F3) is the net amount of air drawn into the cylin- 
der. The horse power required to compress one cubic foot of 
free air per minute is shown by 


H.P. 


n 

15.6 {n - i) 



(69) 


HEAD END 
125 E.r.M. 
AtrEres. 78^ (abs.) 

6/21/09 

30 ^Sp. 


Figure 86 shows the actual air indicator card taken from a 
single-stage, straight-line compressor, having poppet inlet and 

discharge valves. The 
areas A and B represent 
the amount of work neces- 
sary to open the discharge 
and the inlet valves, and 
ah is the volume occupied 
by the reexpanded clear- 
ance air. The volume 
lying between the suction 
line and the atmospheric 
line is the energy ex- 
panded to fill the cylinder 
with air. 

Tables i6 and 17 show the horse power, etc., required to com- 
press air from 14.7 pounds per square inch in pressure and 60^ F. 
up to various pressures, in both single- and two-stage com- 
pressors, employing both adiabatic and isothermal compression. 

Two-stage Compression. — It is evident now, that isothermal 
compression requires the expenditure of the least amount of 
work. As before shown, this form of compression is impossible 



Fig. 86. 
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in practice, but a material saving can be realized by compressing 
in stages and cooling the air between each stage. In this way 
isothermal compression is approached, as will be more fully seen 
later. 

In two-stage compression the air is drawn from the atmosphere 
into the first, or low-pressure, cylinder, and there compressed up 
to a certain x>oint. It is then forced through an intercooler where 
the temperature is reduced by circulating water and thence 
drawn into the second or high-i)rcssure cylimler where compres- 
sion is continued uj) to the desired terminal i)rcssure. 



Work of Two-stage Compression. - An attemi)t is made in 
the design of two-stage com[)ressors to divide the work equally 
between the two cylinders. Very often, however, actual working 
conditions are different from those contemi)latcd, consequently, 
the equality is destroyed. In the following discussion it is 
assumed that tlic work is the same in each cylinder, and further, 
that the temperature of the air after i>assing through the inter- 
cooler is the same as that of the atmosi)herc. 

Figure 87 shows the cycle of operations of a two-stage machine 
designed as above. A volume Vi of air under pressure Pi is 
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TABLE 17 

Horse Power Required for Compressing One Cubic Foot of Free 
Air per Minute (Isothermally and Adiabatically) from 
Atmospheric Pressure (14.7 Pounds) to Various 
Gauge Pressures 


Two- stage Compression 

Initial Temperature of Air Taken as 60° F. — Jacket Cooling Not 
Considered 


Gauge pressure, 
pounds 

Absolute pressure, 
pounds 

Number of 
atmospheres 

Correct ratio of 
cylinder volume 

Intercooler gauge 
pressure 

Isothermal 

compression 

Adiabatic compression 

Percentage of 
saving over one-stage 
compression 

Mean effective 
pressure 

H.P. 

Mean effective 
pressure, 
theoretical 

Mean effective 
pressure plus 

15 per cent 
friction 

H.P. 

theoretical 

H.P. plus 

15 per cent 
friction 

Sa 

64.7 

4.40 

2.10 

16.2 

2X.8d 

0.09s 

24.30 

27.90 

o,xo6 

0.123 

10.9 

60 

74.7 

S.08 

2.25 

18.4 

23.90 

0.104 

27.20 

31.30 

0.1X8 

0.136 

11.3 

70 

84.7 

5 . 76 

2.40 

20.6 

25.70 

0.112 

29.31 

33.71 

0.128 

0.147 

12.3 

80 

94.7 

6.44 

2.54 

22.7 

27.52 

0.120 

31.44 

36. IS 

0.137 

0.158 

13.8 

90 

104.7 

7.12 

2.67 

24.5 

28.93 

0.126 

33.37 

38.36 

0.14s 

0.167 

14.2 

100 

114.7 

7.80 

2.79 

26.3 

30.30 

0.132 

35.20 

40.48 

0.153 

0.176 

iS.o 

no 

124.7 

8.48 

2.91 

28.1 

31.42 

0.137 

36.82 

42.34 

0.161 

0.18s 

IS. 2 

120 

134.7 

9.16 

3.03 

29.8 

32.60 

0.142 

38.44 

44.20 

0.168 

0.193 

IS. 6 

130 

144.7 

9.84 

3.14 

31.5 

33.75 

0.147 

39.86 

45.83 

0.174 

0.200 

16.3 

140 

154.7 

10.52 

3.24 

32.9 

34.67 

o.isi 

41.28 

47.47 

0.180 

0.207 

16.7 

150 

164.7 

11.20 

3.35 

34.5 

35.59 

O.IS 5 

42.60 

48.99 

0.186 

0 .2X4 

16.9 

160 

174.7 

11.88 

3.45 

36.1 

36.30 

0.158 

43.82 

50.39 

0.19X 

0.219 

18.4 

170 

184.7 

12.56 

3.54 

37.3 

37.20 

0.162 

44.93 , 

51.66 

0.196 

0.225 

19.0 

180 

194.7 

13-24 

3.64 

38.8 

38.10 

0.166 

46.0s 

52.95 

0.201 

0.231 

19.3 

190 

204.7 

13.92 

3.73 

40.1 

38.80 

0.169 

47.16 

54-22 

0.206 

0.236 

19 . 5 

200 

214.7 

14.60 

3.82 

41.4 

39 . so 

0.172 

48.18 

55-39 

0,2x0 

0,241 

20.1 

210 

224.7 

15. 28 

3.91 

42.8 

40.10 

0.174 

49.35 

56.70 

0.2x6 

0.247 


220 

234.7 

15.96 

3.99 

44.0 

40.70 

0.177 

SO. 30 

57.70 

0,220 

0.252 


230 

244.7 

16.64 

4.0S 

45.3 

41.30 

0.180 

SI. 30 

59-10 

0,224 

0.257 


240 

254.7 

17.32 

4.17 

46.6 

41.90 

0.18^ 

52.25 

60.10 

0,228 

0.262 


250 

264.7 

18.00 

4.24 

47.6 

42.70 

0.186 

52.84 

60.76 

0.230 

0.264 


260 

274.7 

18.68 

4.32 

48.8 

43.00 

0.183 

53.8s 

62.0s 

0.23s 

0.270 


270 

1 284.7 

19.36 

4.40 

50.0 

43.50 

0.X90 

54.60 

62.90 

0.238 

0,274 


280 

294.7 

20.04 

4.48 

51.1 

44.00 

0.X92 

55 . SO 

63.8s 

0.242 

0.278 


290 

304.7 

20.72 

4.55 

52.2 

44.50 

O.X 94 

56.20 

64.7s 

0.246 

0.282 


300 

314.7 

21.40 

4.63 

53.4 

45.30 

O.X 97 

56.70 

65.20 

0.247 

0.283 


350 

364.7 

24.80 

4 . 98 

58.5 

47.30 

0.206 

60. IS 

69.16 

0,262 

0.301 


400 

414.7 

28.20 

5.31 

63.3 

49.20 

0.214 

63.19 

12 .6s 

0.276 

0.317 


450 

1 464.7 

31.60 

5.61 

67.8 

51.20 

0.223 

65.93 

15 . Si 

0.287 

0.329 


500 

i 514.7 

35.01 

5.91 

72.1 

52.70 

0.229 

68.46 

IS. 72 

0.298 

0.342 
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The shaded area shown represents work lost, for, obviously, it 
has to be performed twice. The reduction in pressure of the air 
at the point of valve opening in the high-pressure cylinder is 
caused by cooling in the intercooler, and frictional losses through 
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the valve.s and intercooler. I'hc almost steady rise in pressure 
during the suction stroke of the high-pressure cylinder is prob- 
al>ly caused by heating of the air by the already hot valves, 
cylinder walls, piston, etc. 

Lengthy computations and derivations of formulae for work 
done in air compression are of little value in actual practice, but 
considerable benefit is derived from the study of theoretical 


PUMPING BY COMPRESSED AIR 


170 


drawn into the low-pressure cylinder and there compressed to 
volume V2 and pressure F2. The air is cooled and the volume is 
reduced to that shown by gc, which is equivalent to the volume 
obtained in isothermal compression from Pi to P2. The high- 
pressure cylinder then receives the air and compresses it up to 
pressure P4 and volume Vi. The curve of compression follows 
the broken line edcb. 

Now, if the air were compressed in a single-stage machine from 
Pi to P4 the curve of compression would be ei (FV^^ = C), and 
the work done evidenced by the area aief. The work done in 
two-stage compression is shown by the area alcdef and the saving 
realized over single-stage compression is shown by the area 
hide. 

Let Qi and Q2 = work in foot pounds to compress air in the 
low- and high-pressure cylinders, respectively; and Q = total 
work of compression. The value of Q, then is 

/ n-l \ 


Q = 288 


Pi(Fi - Vs)n 


n ^ I 


LPi. 


(70) 


The horse power required to compress one cubic foot of free 
air per minute in this way, remembering that (Fi — F3) is the 
net amount of air drawn into the low-pressure cylinder is 


H.P. = 


n 


7.8 {n — 




(71) 


Figure 88 shows a combined air card taken from a 8|-inch and 
i2|-inch and 14 by 16-inch two-stage air-end, duplex-steam end 
compressor operating at 115 r.p.m., and against a pressure of 
195 pounds (abs.). At the time the cards were taken, the 
compressor was furnishing air for oil well No. 12, owned by the 
Crowley Oil & Mineral Co., at Evangeline, La.f 

* It must be remembered 'that P2 in Eq. 71 is the intercooler pressure while 
in formulae for work done, etc., in single-stage compression P2 designates terminal 
pressure. 

t See Transactions of A.S.M.E., Vol. 31, Tests Upon Compressed Air Pumping 
Systems of Oil Wells, by E. M. Ivens. 
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Single- versus Two-stage Compression. — It must not be 
assumed that two-stage compressors are always more preferable 
tba n single-stage ones. Oft-times pressure requirements are 
such that the latter arc more economical in operation as well as 
more attractive in first cost and floor-space occupancy. Multi- 
stage compressors under all conditions have a higher compression 
efficiency than single-stage machines of like capacities, but the 
ultimate or over-all efficiency of the latter is greater for terminal 
pressures of 80 pounds (gauge) and under, and it is this latter 
efficiency that the oiierator is most interested. 

A two-stage comiiressor reipiires, in addition to the parts of 
the single-stage machine, a high-pressure cylinder, valves and 
piston; an intercooler jiiped to the cylinders; and sometimes 
pumps for circulating water through the intercooler, '.riiis 
additional apparatus complicates the machine, increases the 
cost and floor siiace rc<iuired, an<l increases the mechanical 
friction over the single-stage comiiressor. When the interest on 
the additional first cost l>lus the e.xtra maintenance cost plus the 
mechanical efficiency loss is greater than the gain due to cooling 
during compression, then naturally it is unwise to install a two- 
stage machine. 'Phis condition does e.xist for all [iressurc require- 
ments of 80 pounds and under, as before sai<l. 

Shortly after the air leaves the compres.sor cylinder, it is cooled 
to the temperature of the atmo.sphere. 'Phis means that the 
heat comi>ression has been dissipated, an<l the energy or work 
necessary to its creation lost. 'Phe object of multi-stage com- 
pression is to minimize this loss, which will ultimately occur, by 
removing heat of comprt‘ssion during compression itself, and 
thereby reducing the total amount of wtirk reijuired of the 
machine; all of which means a smaller expenditure of energy 
and, consequently, chetiper operation. If it were possible to use 
the air without first losing the heat of compression any cooling 
during compression would, obviously, be a loss to efiicicncy. 

The ideal compressor, then, is one in which all heat of com- 
pression is removed as fast as it is generate<l. To realize this in 
practice, it would be necessary that the machine have an infinite 
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frictionless transmission of air between the cylinders and adia- 
batic compression in each cylinder, together with other assump- 
tions previously referred to in the derivation of work formulas. 

Air Compression at Altitudes. —In our discussion thus far, 
we have assumed that the compressor is being operated at sea 
level; that is that the inlet air is under an absolute pressure of 
14.7 pounds per square inch. If the machine is operated at a 
greater altitude, the intake air pressure will be proportionately 
less and additional work is imposed upon the compressor. This 
fact is self-evident. 

The capacity of a given compressor is less at higher altitudes 
than at sea level because of the diminished density of the intake 
air. In other words, at every stroke of the machine a smaller 
mass, or weight, of air is drawn into the cylinder. This should 
be kept well in mind and due allowance made when choosing a 
compressor to perform a certain duty. 

Volumetric efliciency is also less at altitudes due to the fact 
that the clearance air expands to the lower atmospheric pressure, 
and, conseciuently, when exi)anded occupies a larger volume of 
the cylinder. 

Stage compression can be employed to greater advantage at 
high altitudes because the heat of compression, which increases 
with the ratio of the final to the initial absolute pressures, is 
greater. Stage com})ression at altitudes is justifiable for 
pressure c()nsideral)ly under 80 pounds. 

Tal)le 19 gives the multipliers for determining the volume of 
free air at various altitudes which, when compressed to various 
pressures, is equivalent in effect to a given volume of air at sea 
level. 
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number of stages, and that the air be cooled to its initial tempera- 
ture between each stage. Fig. 8 q i.s a tliagram showing the horse 
power required to compress loo cubic feet of free air j)er minute 
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up to various gauge pres.sures. The “ Actual Single-stage ” ar 
the “Actual I'wu-stage’’ i:oinprtrssion curves wtjre plotlal wif . 
average results obtained from a large number of tests of varioi ; 
makes and designs of air ctmipressors. 'I’he “ Two-stage (A - 
sumed) ” curve was plotted from calculated results, assumii ; 
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CHAPTER X 

the air card and air compressor efficiency 

The indicator is indispensable in steam-engine design and 
operation, but it is, if possible, even more valuable in air-com- 
pressor practice. In the former the Held of usefulness is some- 
what limited in-so-far as the determining of the mechanical 
eflSciency of the machine is concerned. 'I'hat is, if the mechani- 
cal efficiency of an engine is to be determined, it is necessary to 
employ some form of absorption dynamometer in connection 
with the indicator; then the brake horse power, as observed from 
the former divided by the iiulicated horse power, is the mechani- 
cal efficiency, an<l the <lirference l)etween the two is the power 
necessary to overcome the friction of the macliine itself. Some- 
times friction diagrams are taken, i.c., cards taken when there is 
no load on the engine other than its own friction, and their area 
subtracted from the full-load card, and elliciency computed. 
This method is inaccurate beciiuse the friction is obviously much 
greater throughout all bearings when the engine is loaded than 
when merely turning over with no external load. 

With the air compressor these limitations do not exist, as cards 
taken simultaneously from steam an<l air cylinders are full state- 
ments of the i)ower c'onversion. 'I'lie steam cards show the 
amount of energy put into the macliine and the air cards show 
the power delivered in return, ami the dilTerence between the two 
is an accurate statement of the friction. By taking cards from 
the comiiressor when operating under varying loads, the friction 
for every change of load may lie accurately determined. Cards 
taken simultaneously also show the relation between power and 
resistance at every })oint in the stroke. 

It will be a little diOicult at first for those who are accus- 
tomed to reading steam engine diagrams to examine intelligently 
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TABLE 19 

Multipliers for Determining the Volume of Free Air at Va- 
rious Altitudes which, when Compressed to Various 
Pressures, is Equivalent in Effect to a Given 
Volume of Free Air at Sea Level 



Barometric pressure 

Multiplier 

Altitude in 








feet 

Inches of 

Pounds 


Gauge pressure (pounds) 




per square 
inch 







mercury 

60 

80 

100 

125 

150 

0 

30.00 

14-75 

1 .000 

1 .000 

1 .000 

1 .000 

1 .000 

1,000 

28.88 

14.20 

1.032 

1-033 

1.034 

1-035 

1.036 

2,000 

27.80 

13.67 

1.064 

1 .066 

1 .068 

1 .071 

1 .072 

3,000 

26.76 

13.16 

1.097 

I .102 

1. 105 

1 .107 

1 .109 

4,000 

25.76 

12.67 

1. 132 

1. 139 

1 . 142 

1. 147 

1. 149 

5,000 

24.79 

12.20 

1. 168 

1.178 

1 . 182 

1.187 

1 .190 

6,000 

23.86 

11.73 

1 . 206 

1.218 

1.224 

1. 231 

1.234 

7,000 

22.97 

11.30 

1.245 

1.258 

1.267 

1.274 

1.278 

8,000 

22.11 

10.87 

1.287 

1.300 

1. 310 

1. 319 

1.326 

9,000 

21.29 

10.46 

1.329 

1.346 

I -336 

1.366 

1.374 

10,000 

20.49 

10.07 

1-373 

1.394 

1 . 404 

1 .416 

1.424 
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the clearance lines are all located and drawn in exactly the same 
manner as for the steam diagram. In Fig. 91 the atmospheric 
line is purposely drawn low in order to distinguish it from the 
admission line. In actual diagrams, the admission line does fall 
below the atmos]_)hcric line varying distances. In well-designed 
cylinders this pressure difference averages pounds, while in 
poorly-designed cyHiiders it is as great as 1.5 pounds. Re- 
stricted port areas, long intake pipes and heavy inlet valve 
spring increase this loss, 

A volume of air, represented by the rectangle MLPD^ is drawn 
into the cylinder and compressed from the al)solute pressure, 
represented by TD, up to that represented hy FK. In so doing, 
tlie volume has l)een rediu'cd to GP\fN^ ami this is delivered to 
the receiver or pipe lines, 'rhe actual piston disi:)lacement is 
represented by the rectangle NGPD, There is, necessarily, in 
every cylinder a certain amount of clearance between the piston 
and the head and around the valves. These clearance spaces, 
rei)resented on the diagram l)y rectangle NCIG, at the end of the 
stroke of the piston, arc filled with air at the discharge pressure. 
As the piston recedes, this clearance air cx])ands along the line 
GM (whicli is practically a<liabatic), until it finally occupies the 
volume M CIL^ when admission of air from the atmosi)herc begins 
and the (‘ycle is repeated. 

Air compressors arcj rated hy all manufacturers according to 
their piston displacement, and, consequently, to ascertain the 
actual capacity of a compressor one must know the volumetric 
efilciency of its air cylimler. We shall discuss this at greater 
length later. 

Theoretical Curves. » “ To form a comparison of actual com- 
pression of air and comiiression under ideal conditions, it is 
necessary to draw the theoretical curves. This may be done in 
exactly the same manner as for steam, and, usually, both the 
adiabatic and the isothermal curves are drawn on the air diagram. 
To facilitate the drawing of these curves, Mr. Frank Richards, 
on pages 48 and 49 of his Compressed Air, has provided dia- 
grams which are very useful Mr, H. V. Conrad, in Power^ 
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cards from an air cylinder. One can best learn by keeping in 
mind that the one is the direct opposite of the other. In other 
words, the steam diagram is the record of pressures of an expand- 
ing gas doing external work, while the air diagram is the record 
of pressures of a gas being compressed and having work done 



on it. Therefore, the expansion line of the steam diagram cor- 
responds to the compression line of the air diagram; the admis- 
sion line of the one corresponds to the discharge line of the other; 
and the compression line corresponds to the reexpansion line, 
and all as clearly shown in Fig. 90. 



Figure 91 is a diagram from the ^^air end^’ of a single-stage 
air compressor. The lines are smoother and more nearly perfect 
than those of the actual card. The atmospheric, the vacuum and 
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attached to the air cylinders of a two-stage compressor. The 
pipe connections are such that, by manipulating the valves, dis- 
charge pressure lines may be drawn on all the diagrams and both 
discharge and inlet pressure lines drawn on the high-pressure 
cylinder diagram. 

Air-compressor Efficiencies * — Mechanical Efficiency. — The 
energy in the steam admitted to the steam cylinder of an air com- 
pressor is ex])en<le<l in the following ways: 

1. 'I'o heat the steam-cylinder walls and piston; j 

2. d'o com])ress the air; 

3. 'I'o heat the air during compression; 

4. 'I'o heat the jacket water; 

5. 'I'o overcome the friction of the machine. 

'I'he horse power retiuired by 2 and 3 may be computed from 
the air-indi<'ator diagram; 4 may be found by observing the 
tcmi)eratiire of entering and leaving jacket water, together with 
its weight and computing the 'B.t.u.’s therefrom, and the equiva- 
lent horse power; and 5 is found by subtracting the sum of the 
first three from the indicated horse power in the steam cylinder. 

The Mechanical Efficiency of a steam-driven air compressor, 
then, is e<iual to the air h«)r.se iM)wer plus the jacket horse power 
divided by the in<licate<l horse power, or 


A.I 1 .I>. d- Jkt. H.P. 
' l ir.l’T" 


(72) 


ami the mechanical cHiciency of a power-driven machine is 
exjiressed by 

.A.ir.P.+Jkt. H.P. . s 

Brake H.P. delivered to compressor shaft 

'Phis eniciency <lei)ends upon the mechanical construction of 
the machine and the lubrication. It will be found to vary from 
75 {>er cent in poorly-designed machines up to 92 per cent in the 
l)est dc*signs. 

* Ah Cofnpft'sstff KJJichuf’ti'St by K. M. Ivcus iu Powerf Oct. 15, t9i2. 
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March, 1911, has compiled very convenient and accurate tables 
for laying off theoretical air-compression curves. 

Wliile it is well to appreciate the value of the air diagram, still 
it must nca. Ije trusted blindly, for it often conveys false impres- 
situis, and. in skillful hands, the indicator can he made to tell some 
very llatiering things. For instance, if longitudinal l>y“passes 
were cut in tlie cylinder walls near the heads and slightly longei 
than the thickness of the piston, so that at the end of the stroke 



the |>istc>n uiurovers their emis, the clearance air under the d i- 
charge pressure will escape to the opi)osite side of the piston, a d 
a card taken will show a very high, volumetric eirjcii.rncy. k 
scored cyliraler will give a cani whose (a)mpression curve is mi h 
iK*arer the isothermal than ordinary, as will a leak l>y the sud; n 
valves, llie delivery line of the air card is wavy and irregul r, 
due to the act.ion of the valvas, so it is difficult to determine w .h 
accuracy the disclmrge pressure. In Fig. 92 are shown iiidicat rs 
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time, to the number of cubic feet of piston displacement diving, 
that time, or 


__ Actual c ubic feet of free air per minute 
Cubic feet of piston displacement per minute 


On the indicator diagram the observed volumetric efficiency 
(id 

is (Fig. 94) obviously • 

Volumetric Efficiency Depends, First, upon the Clearance 
Volume in the Air Cylinder. ~ If there were no clearance be- 
tween cylinder heads 
and piston at the end 
of the stroke, and no 
lost si)ace in and 
around the valves, the 
volumetric e f f i c i e n c y 
(referring to atmos- 
I)heric air) would al- 
ways be 100 per cent. 

The greater the c:lear- 
ance volume, then, the greater will be the volume of the 
cylinder occupied by the exi>anded clearance air. This fact is 
self-evident. 

Volumetric Efficiency Depends, Second, upon the Terminal 

Pressures. The higher the terminal pressure of air in any 
given cylinder, the greater will be the volume occui)ied by the 
expanded air of the clearance spaces. This means that, as the 
terminal |)ressure is increased, the volumetric eHiciency decreases. 
To show this graphically, there are reproduced in Fig. 95 three 
supcr-im|)osed diagrams taken from the same cylinder at the 
different pressures shown. The increase in volumetric efficiency 
as the terminal decreases is plainly evident in the illustration. 

Volumetric Efficiency Depends, Third, upon the Temperature 
and Pressure of the Intake Air. — Since, by our definition, 
volumetric efficiency refers to free air, or air at 14.7 pounds 
pressure, and 60^ F., then every change of temperature and 
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Compression Efl5.ciency. — Compression (or compressor) effi- 
ciency is the ratio of the theoretical horse power required to 
compress an amount of air to that actually required, or 


theoretical H.P. 
A.H.P. 


The adiabatic and the isothermal horse powers are both theo- 
retical, but since the term efficiency is a statement of how nearly 
perfect a machine or device is, it is proper that we use the latter 
(referring to no clearance base) in our formula. 

This efficiency depends upon the design of water jacket and 
cooling appliances, and it is principally to increase compression 
efficiency that multi-stage compression is employed. 

To determine the compression efficiency, the isothermal curve 
is plotted on the air card (Fig. 93), starting, of course, at the 

beginning of the stroke, 
•and ending at the the- 
oretical delivery line, or 
terminal pressure line. 
The area ahdj thus en- 
closed divided by the 
area acde of the actual 
card is the compression 
efficiency. Indicator 
cards that show a very 
high compression effi- 
ciency should be looked upon with suspicion, as investigation 
will invariably show that either the suction valves leak or air 
is escaping from the compression side of the moving piston to 
the suction side, due to scored cylinder or leaky piston. Actual 
compression curves will foUow the adiabatic curve quite closely 
as the water jacket has little effect other than to facilitate 
lubrication. 

Volumetric Efficiency. — Volumetric efficiency is the ratio of 
the actual number of cubic feet of free air compressed per unit of 
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ure there occurs a loss of practiailly i per cent in volumetric 
fficiency. 

Likewise, volumetric efficiency is alTcctcd by change of atmos- 
ihere or intake pressure, the temperature remaining constant, 
fo show this, let us supiiose that our compressor were removed 
o a high altitude where intake air of 13.7 pounds pressure and 
lo” F. is availalile. Now, 135 culiic feet of this air is equivalent 
0 132.62 cubic feet of free air, and our third expression for 
•olumetric efficiency is 

1 2 6 

£ _ ..V — a gg 4 pei- (78) 

150 

Therefore, for every 0.625 pounds decrease of intake pressure 
here occurs a loss of i per cent in volumetric efficiency. 

Formula and Measurement. — 'I'he most popular and con- 
venient method of detennining the volumetric efficiency of an 



Lir cylinder is from the indicator diagram. Referring to Fig. 

»6 the ratio ™ is what we might call the obseroed volumetric 
cc 

ifficiency. On the actual diagram, these distances arc measured 
vith some convenient scale, and the computations made and the 
esults .so obtained corrected for inlet temperatures and pressure, 
/olumetric efficiency found after these corrections are made is 
he true or real efiiciency. 
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pressure of initial (intake) air has its effect directly upon the volu- 
metric efficiency. For instance, let us suppose we have a room 
whose temperature is 60° F., and whose atmospheric pressure is 
14.7 pounds or, in other words, conditions where actual Free Air 



is available and drawn without heating into the cylinder. In 
this room is located a compressor whose capacity is 135 cubic 
feet of this air per minute, whose piston displacement is 150 
cubic feet per minute and whose terminal pressure is 100 pounds. 
The volumetric efficiency under these conditions, then, is 

= 90 per cent (76) 

Now, suppose that from some cause the temperature of intake 
air were raised from 60° F. to, say, 65° F., the atmospheric and 
terminal pressures remaining as before. The compressor will 
still draw in 135 cubic feet of air per minute but, owing to the 
higher temperature, a lesser weight, or mass, of air will be with- 
drawn from the atmosphere. According to the law of Charles, 
previously given, 135 cubic feet of air at 65° F. and 14.7 pounds 
pressure is equivalent to 133.75 cubic feet of air at 60° F., and 
14.7 pounds pressure. Under these conditions our expression 
for volumetric efficiency becomes 

£ ^ J . 3 - 3:75 ^ g pgj, 

150 

This shows that for a rise of every f F. in intake-air tempera- 
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The ratio is, obviously, the percentage of the cylinder volume 

■t d 

given up to clearance. Equation 84 shows that, in scaling the 
diagram for volumetric efliciency, we have taken into considera- 
tion the elTect of clearance and terminal pressures but not that 
of the initial temperature and pressure. In order to provide for 

T' 

this, it is necessary to multiply 84 by where T is the absolute 


temperature of the air at the instant that compression begins, 
and Ti is 60 + 460.6. 

Also, the pressure at the beginning of compression is nearly 
always less than that of the atmosphere, due to frictional losses, 
valve spring resistance, etc. To provide for this, equation 84 

must be multiplied by -j where P is absolute pressure shown by 


the intake line on the diagram, and Pi is 14.7 pounds. 

The expression for the true or real volumetric efficiency, there- 
fore, is 



(8s) 


Under some circumstances this method of volumetric efficiency 
determination is to be avoided, for results then obtained will be 
misleading and, conseciuently, worse than worthless. Leaky 
suction valves or stuffing l)oxes, and a cylinder scored at or near 
the end of the stroke will produce an almost perpendicular re- 
cxi)ansion curve. 

I’hese defei'ts may l)e detected on the diagram, however, by 
plotting the theoretical curves and comparing with the actual 
curves. h1g. ()j sliows the lyi)i('al case of leaky valves on one end 
and their elTect on the volumetric efficiency and the compression 
curve. A better way to determine the volumetric efficiency of a 
comi>ressor under all conditions of cylinder, etc., is to actually 
measure the air delivered and divide by the piston displacement. 
The air may l)e measured by means of a standard orifice or by a 
system of enclosed tanks. The former method is described by 
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We may derive expressions for real and observed volumetric 
efficiencies from the diagram as follows: 


Remembering that = 
we get: 

df 

... 

Substituting in 79 

de “h 

whence 

de = ag 


iFi" = P2F2” = C, from Fig. 96 


1 



de + ag 


1 



ag is the clearance volume, and it may be determined by actual 
measurement by well-known methods. We may say, then, 
that this quantity is known, and, designating it as Q-nd sub- 
stituting in (79), we have 


Now 



(81) 


where 


7 T-i dc ce de 

Observed = — = 

ce ce 

ce' = piston displacement P^. 


(82) 


Substituting the value of de as given in (81) into (82) we get: 


Observed £„ = 


(t)‘- 


(83: 


or 


Observed = i — ^ 

(\ 


Pi 


V 


(84.' 
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NoWj shut off lank C and start the compressor. Watch the 
gauge on C until the needle reaches a suitable point, say 15 
pounds, and from this time on until pressure P2 is reached count 
the revolutions of the compressor, observe temperatures and 
time of run. A number of runs should be made and the mean of 
the results found substituted in the formula following. 

Let P = iitmosi)heric- pres.siire — 14.7 pounds; 

Pi = initial absolute iTcssure in tank C; 

P>i = final ab.solute pressure in tank C; 

7 ' ~ absolute room temperature in degrees C.; 

7\ - absoluti^ initial temperature of air in tank C; 

T2 - absolute hnal temperature of air in tank C; 

V - volunu‘ in ('ubic feet of tank C; 

Vi - free air eciuivalcnt of air in tank at beginning of 
test; 

F2 — fre(‘ air e(|uivalent of air in tank at end of test; 

V - ac'tual amount of air pumped into tank; 

P 

R\ atmospiKTfS at beginning of test; 


r 


ulniosphercs at erul of test; 


Now, <lisri:gar<iing temperature, 

;i = Fj — I'l > volume of air compressed or pumped. 
Now, 



V = V (A'a - Ri) (86) 

The theoretical qiuuility of air pumped is equal to the piston 
displacement of the compressor, or f X o X where 

I = length of stroke in feet; 
a » area of piston in square feet; 
n “ number of strokes. 
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Prof. Elmo G. Harris, in Compressed Air, The latter method is 
as follows: 

Connect the air compressor to two enclosed tanks B and C, as 
in Fig. 98, with a regulating valve between B and C, air gauges 



and thermometers as shown. By means of the regulating valve, 
the air pressure in B may be maintained at the desired pressure 
for which the volumetric efl&ciency is to be determined. The 
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accurate formula can be derived that will take into consideration 
even one of the variables, such as upkeep or depreciation. The 
most reliable information we have on the subject is a series of 
tests made by Mr. Richard L. Webb on a number of air com- 
pressors in the t'anadian mining district. These tests are 
published in Compressed Air Plant, by Prof. Robert Peele. 

Economy Essentials. — The foregoing discussion and state- 
ment of facts show that the economy of an air-compressor unit, 
depends: 

(1) Uiion the mechanical construction, that is, the size and 
proportion of bearings and wearing surfaces; lubricating system 
and general design of parts. 

(2) Upon tlie length and volume of ports in the air cylinder. 
Long and tortuous ports and air passages increase the losses by 
heating the incoming air ])eforc c;omprc.ssion begins. 

(3) Upon the cooling devices and water jackets and tempera- 
ture of cooling water. 

(4) Upon the surrounding conditions, that is, altitude at which 
the machine is being o[)eratecl, and atmospheric temperature. 

(5) lJ[)on the clearance spaces. 

^6) Upon the economy of the power end. 
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The volumetric efficiency is then rejiresented by tlie formula 
,, _ riA', - A',) 

iKuXn ^^ 7 ) 

Correcting for temperatures, iHhi !h‘cuiih‘s: 




(« 8 ) 


If the barometric {tressure is other than co.iij inches of inercurv, 
the formula should be corrected and made to read as follows; 

r/'/.ro.o.’ Ab .'ii.i),’ A't 


B 


R-i .'(i.c),’ A't V 

\ r, J\ } 


( 89 ) 


Our linal expression for volumetri*- eliicient _%- tlien bemmes 

.>o.<K- VT(K, 

B 


Rml E, 


7Ab R 

\'l\ '/'i 


Uiu 


(t>o) 


Over-all Efficiency. — rhi^ effniencs* i> the most important 
of all to the user, for it refers direitly without limitation or 
proviso to the cost of operation. It means the cost in fuel, up- 
keep, suiiplies, interest and ciepre< iafion of air delivered to the 
receiver or pipe line, and is, i onseijnent ly. a t ombinetj .statement 
of met hanical, cotnjiression, anti volumetric etiu ietu ies as well as 
of reliability. 

'riu; following is a Kencral expression t»f ttver-ail elFu iency 
referred to the i.sothermal, no clearance base. 

y," __ Isothermal II. P. jHT too t tibic fe«‘t of air per minute 
Boiler H.P. per loocubic feet per minute at tually tlelivered 

( 9 ") 

'Phis cxpre.ssion docs not take into ctmsideration all the factors 
that affect over-all ellkieney, but even as it is. it is something 
definite and a much more stitisfactory guitie than any yet given. 
Elaborate tests over Itmg iteritKls of time are neces,s;iry to deter- 
mine the true over-ail etliciency of any tJiachineand, obviously, no 
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CHAPTER XI 
THE COMPRESSOR 


Air com[)r€SSors as a wht>ie arc usually divicleti into twi> general 
classes, namely, tvd and dry. llu* wet euinpressor is divided 
inti) three t\'j)es. and the dry eun'iprt‘»ur is divided and sul)- 
divided into \‘arious types and. designs until the t'tanmercial 
machine with its I'ylinder eMinbinali«»ii% and i’i.)nstruetit)n are 
reached, llu* tliagrain (Mg. t/ji shows prejgre.ssion quite 
clearly and will he ftmiiil i'i»nvenieiit in selniing a c«unpressor 
to meet t'crtain coiidiiitnis und requireiiieiil;'^. 

The various makes and dc>ign> ♦4 air isaiipressors have been 
illustrated and discussed most ably l.i}' Prof. Roliert IVele in 
Compressed Air anti coinpri*.HSt»r niaiiiifacturers issue cat- 

alt>gues anti bulletiiu describing ihiar prsidutl which may be liiid 
for Uie asking: hence imthing <an be .-Hiid here In this connec- 
tion that wtndd nt>t be mere repel it it ui. 

Air-compressor Installation and Operitlion.'^ The largi* 
majority tif instances of yimll-Hfaclory u|it*rati«in of air com- 
pressors, and idten disastrous e.'^pio'-.ii.iiiH in meivers and pipe 
lines e.manate from improjHT iiisfallalion in the lir^l placi,' arnl 
continued negligent <.>pera!ioii and di^rr^gard <.i| the foiiipressor 
.mamifaclurers' instniclions iti the sw^itul jikii e. riifurliiiiately, 
many operating engineers Iiwik upon i!ir Miiiipri*sM.ir as a roiigli 
and really mac'hiiie built to witiislaiid a,I! triaiiiier of abuse, 
expensive to operate and t»nly to be used when inUliiiig rise will 
.serve the purpose. lliLs impressioit is. uf einirse, rrroiiroie^ and 
is easily correetet! if the iiiternleil ojienilor, behire rretfiiig a 
compresS'Or, will farniiiari/.e willi ilii* |ira.flic.i..l print iples 

of air compression; the ailendaiit. danger aii«i necessary jire- 
cautions; and Itie simj.de ref|iiiremeiiis essential tti ef'oiiiimical 

* /V'iirr, Drc. 30, i*|i 3 diV V Uy iv X|. 
IveriH. 
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Receiver. — The functions of the air receiver are (i) to create 
a cushion and thereby eliminate the compressor pulsations in the 
pipe line; (2) to serve as a storage of power; (3) to cool the air 
and precipitate any oil or moisture carried in entrainment; (4) to 
eliminate certain friction losses that would occur if cooling were 
efTected in the pii)e lines. 'The receiver should, consequently, be 
located in a cool place, preferably outside of the building, and as 
close as possible to the compressor. 

Receiver fittings should include pressure gauge, safety valve 
and blow-off cock located at or near the bottom. 

Air-inlet Piping. It has already been shown that an increase 

of 5° F. in temperature of intake air is accompanied by a de- 
crease of I per cent in volumetric efficiency; which means that 
as the intake-air temperature increases, the free-air capacity of 
the machine ileiTcases and the .same amount of energy is ex- 
pended as though the full caiiacity of the machine were being 
realizeil. 'fo assist the compressor, then, the inlet should be 
piped to the outside of the building and some ten or twelve 
feet above the ground surface. The opening should be well 
screened to prevent drawing in <lust and dirt, and hooded to keep 
out rain. If it is impracticable to carry the intake outside and 
air must be drawn into the cylinder <lirectly from the room, it is 
very imjiortant that no dust or dirt be allowed near the opening, 
for a small amount of dirt being continually drawn into the 
cyliniler with the air will cut and wear the inner surfaces and 
valves very rajiidiy, and no end of trouble results. 

Sometimes coiuluits are used instead of piping to the inlet. 
These are best constructtjd of wood lined with tin and the open- 
ing well screened, ('oncrete or brick construction should be 
avoided, for grit is likely to be loosened by the vibrations of the 
compressor and drawn into the cylinder. Conduits should be 
at leiLst double the cross-sectional area of the inlet opening of the 
compressor. 

As few bends as possible .should be put in the inlet piping and 
when used, should be either long turn fittings or pipe neatly bent, 
preferably the latter. To further reduce frictional resistance. 
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operation. A few instructions follow which, if observed only 
indifferently, will furnish the much needed relief to the compres- 
sor as well as reduce operation costs and eliminate the danger of 
the now too frequent explosions. 

Location. — In installing a new compressor the first con- 
sideration to come up is where to build the foundation. The 
cleanest and coolest place available in the room should be chosen 
and ample space should be provided all around for cleaning and 
inspecting the compressor. Location in boiler rooms and near 
coal piles should be especially avoided. 

Foundation. — The size and depth of foundation depends 
upon the size and type of compressor, and upon the nature of the 
soil. With each compressor the manufacturers send out a de- 
tailed foundation plan, assuming that the foundation will be built 
in firm ground. If, however, the ground is insecure in any way, 
a liberal base, a foot or more larger all around than the bottom of 
the foundation, should be added to the manufacturers' specifi- 
cations. 

Owing to the nature of the work a compressor has to perform, 
there are certain shocks, with the resulting vibration, that must 
be absorbed by the foundation. It is always advisable in build- 
ing foundations for straight-line machines, that special pains be 
taken to make them of liberal size and rigidity. It is a good 
plan to reenforce concrete foundations with to f-inch iron rods 
near the top and bottom, placing some lengthwise, and others 
crosswise of the foundation. In the duplex-type compressors, 
the unbalanced strains are somewhat eliminated by the quarter- 
ing-crank arrangement, but a good foundation costs but little 
more in the first place and is always to be desired. 

The material for foundations may be burned brick, stone or 
cement concrete. If either of the first two is chosen, thin and 
well-grouted joints of cement mortar of one part Portland cement 
to two parts of sharp sand, should be made. If concrete is used, 
a mixture of one part Portland cement, three parts of sharp sand 
and five parts of crushed stone or gravel will be found quite 
satisfactory. 
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Receiver. — The functions of the air receiver are (i) to create 
a cushion and thereby eliminate the compressor pulsations in the 
pipe line; (2) to serve as a storage of power; (3) to cool the air 
and precipitate any oil or moisture carried in entrainment; (4) to 
eliminate certain friction losses that would occur if cooling were 
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located in a cool place, preferably outside of the building, and as 
close as possible to the compressor. 

Receiver fittings should include pressure gauge, safety valve 
and blow-off cock located at or near the bottom. 

Air-inlet Piping. — It has already been shown that an increase 
of 5° F. in temperature of intake air is accompanied by a de- 
crease of I per cent in volumetric efficiency; which means that 
as the intake-air temperature increases, the free-air capacity of 
the machine decreases and the same amount of energy is ex- 
pended as though the full capacity of the machine were being 
realized. To assist the compressor, then, the inlet should be 
piped to the outside of the building and some ten or twelve 
feet above the ground surface. The opening should be well 
screened to prevent drawing in dust and dirt, and hooded to keep 
out rain. If it is impracticable to carry the intake outside and 
air must be drawn into the cylinder directly from the room, it is 
very important that no dust or dirt be allowed near the opening, 
for a small amount of dirt being continually drawn into the 
cylinder with the air will cut and wear the inner surfaces and 
valves very rapidly, and no end of trouble results. 

Sometimes conduits are used instead of piping to the inlet. 
These are best constructed of wood lined with tin and the open- 
ing well screened. Concrete or brick construction should be 
avoided, for grit is likely to be loosened by the vibrations of the 
compressor and drawn into the cylinder. Conduits should be 
at least double the cross-sectional area of the inlet opening of the 
compressor. 

As few bends as possible should be put in the inlet piping and 
when used, should be either long turn fittings or pipe neatly bent, 
preferably the latter. To further reduce frictional resistance, 
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operation. A few instructions follow which, if observed only 
indifferently, will furnish the much needed relief to the compres- 
sor as well as reduce operation costs and eliminate the danger of 
the now too frequent explosions. 

Location. — In installing a new compressor the first con- 
sideration to come up is where to build the foundation. The 
cleanest and coolest place available in the room should be chosen 
and ample space should be provided all around for cleaning and 
inspecting the compressor. Location in boiler rooms and near 
coal piles should be especially avoided. 

Foundation. — The size and depth of foundation depends 
upon the size and type of compressor, and upon the nature of the 
soil. With each compressor the manufacturers send out a de- 
tailed foundation plan, assuming that the foundation will be built 
in firm ground. If, however, the ground is insecure in any way, 
a liberal base, a foot or more larger all around than the bottom of 
the foundation, should be added to the manufacturers' specifi- 
cations. 

Owing to the nature of the work a compressor has to perform, 
there are certain shocks, with the resulting vibration, that must 
be absorbed by the foundation. It is always advisable in build- 
ing foundations for straight-line machines, that special pains be 
taken to make them of liberal size and rigidity. It is a good 
plan to reenforce concrete foundations with to f-inch iron rods 
near the top and bottom, placing some lengthwise, and others 
crosswise of the foundation. In the duplex-type compressors, 
the unbalanced strains are somewhat eliminated by the quarter- 
ing-crank arrangement, but a good foundation costs but little 
more in the first place and is always to be desired. 

The material for foundations may be burned brick, stone or 
cement concrete. If either of the first two is chosen, thin and 
well-grouted joints of cement mortar of one part Portland cement 
to two parts of sharp sand, should be made. If concrete is used, 
a mixture of one part Portland cement, three parts of sharp sand 
and five parts of crushed stone or gravel will be found quite 
satisfactory. 
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the adialiiitic compression of air, the temperature and pressure 
relations are expressed by the formula: 

Ti ^ (i\Y ^ 

T \f) \p} 

whence 

where 7 ’ and Ti are the initial and the final absolute air tempera- 
tures respectively, and P and Pi the initial and the final absolute 
I)ressures. 'rhereforc, the temperature of the air at discharge 
from the cylinder is <lependent not only upon the pressure but 
upon the temperature of the intake air. Suppose that we now 
have a single stage c:ompressor operating at sea level and that 
the atmospheric temperature is 60" F., and the discharge pressure 
70 pounds, the final temperature is 

7 ’i — = 866” alxsolute 

\i4.7/ 

or 406 <legreeH l)y tlie thermometer. This calculation is based 
ui>on no heat radiation losses, and is, consequently, slightly 
greater than the actual discharge temiierature. 

I'he difference between actual discharge temperatures and 
that calculated above is small, for the actual compression line 
follows the adiabatic: very closely. Air is one of the poorest 
conductors of heat, and the water jacket has little effect other 
than to facilitate lubrication. 'I’ests c)f compre.ssors operating 
under conditions named show that the actual discharge air tem- 
peratures range between 325” and 365” F., and instances even of 
higher temperatures arc on record. 

The lowest temiierature at which an oil will give otT combustible 
vapors is called the jlash point and the temperature at which these 
vapors ignite and continue to burn is called the ignition point. 
The flash point of common lubricating oil is about 260° F., and 
the ignition point about 295 degrees. Common cylinder oils 
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the inlet piping should be increased in diameter in proportion to 
its length, A good rule to follow is to increase the diameter 
one-half inch for each ten feet added in length. 

Discharge Piping. — The pipe connecting the compressor and 
the receiver should at least be of the diameter of the discharge 
opening of the cylinder and contain as few bends as possible. 
Very often a salesman, in taking an order for an air receiver, 
recommends one whose inlet opening is considerably smaller 
than the compressor discharge opening. When the receiver 
arrives and the engineer on the ground learns this, he imme- 
diately proceeds to insert a pyramid of bushings in the cylinder 
opening. This imposes additional hardship on the compressor 
and creates a condition conducive to explosion as we shall see 
later. 

Another serious mistake often made is the placing of a 
stop valve between the compressor and the receiver. This 
should never be done unless a safety valve be placed between 
the stop valve and the air cylinder; for there is a possibility 
at some time of starting up with the stop valve closed, when 
dangerous pressure will soon be reached and explosion likely 
to occur. 

Lubrication. — The bearings and other external wearing parts 
of the air compressor are usually lubricated either by means of 
oil and grease cups suitably placed or by the splash or bath sys- 
tem. The latter method is coming into more popular favor and 
is rapidly replacing the former because of its simplicity, effective- 
ness and economy in the use of oil. Against it stands the 
objection that it is likely to be neglected and the oil becomes 
dirty and gritty, due to accummulation of abrasives gathered 
by the oil in passing and repassing over the bearings. 

The air-cylinder lubrication is by far the most vital point in 
air-compressor operation, and- it seems to be the least understood. 
In order to appreciate fuUy the necessity of proper cylinder 
lubrication, consider the conditions that have to be met. 

The compression of a gas is accompanied by a rise in tempera- 
ture, in accordance with the law stated in Chapter IX. For 
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J-inch hole, this little device may be installed in any pipe line. 
In case of an abnormally high temperature the fusible insert of 
the plug melts and the air escapes with a sharp whistle. This 
immediately attracts the atten- 
tion of the operator, and the - 
cause for the high temperature ^ 
may be remedied before any 
serious damage is done. 

Only a very small amount of oil is necessary for the air cylinder 
and as little as iK)ssil)le should be used, for excess of oil will deposit 
carbon and gum the valves. Just how much can best be deter- 
mined l)y experiment, l>ut a good approximation is one drop per 
minute for cylinders from 6- to lodnch stroke, three drops in two 
minutes for (*}iin<iers from 12- to cO-inch stroke, two drops per 
minute on 18- to 24-inch stroke cylinders, and three to live drops 
for larger cylinders. These quantities apply when the com- 
pressor is running at normal speed, and if, for any reason, the 
revolutions are iiuTcased or decreased, the quantity of oil should 
also be varied in proportion. 

Circulating Water. ~ The duty of the jacket water is to carry 
olT the heat transmitted to the cylinder walls and heads by the 
comii)ression of the air, and thcrel)y assist lubrication. A liberal 
supply of cool water should be furnished the jacket and necessary 
precautions taken that will prevent starting up with a dry 
jacket. 

Air cylinders are provided with water inlet and outlet openings 
as well as drain. In some cylinders, inlet and outlet cq^enings 
are at the toi) of the barn*l, while in others, the inlet is I)elow and 
tfic outlet aI)ove the l>arrel. In the first instance, there can be 
no mistake in making pi{)e connections, but with the latter 
arrangement of openings, the error is often made of connecting 
the inlet pi|>e aliove into the outlet opening. When this is 
done, the jacket is not kept full of water, and the surfaces not in 
contact with tlie water will become heated. 

The water outlet should I>e in plain view of the operator, and 
this is best accomplished by allowing the water to fall into an 
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flash at about 350 degrees and ignite at about 400° F. The oil 
best suitable to air cylinder service is one having a flash point of 
about 500 degrees and an ignition point of about 600° F. 

If proper oil is used, a comparison of temperatures will show 
that, under ordinary conditions and with cylinder and valves in 
good condition, an explosion is impossible. If, on the other hand, 
a low-flash-test cylinder oil is used, it is soon decomposed by the 
heat, the volatile constituents ignited and a destructive explo- 
sion usually follows. There are instances on record where igni- 
tion has occurred without explosion, but the chances are always 
in favor of explosion. 

A scored cylinder and valves, caused by dirt and grit drawn in 
with the air and sticking discharge valves, may also cause the 
ignition of volatile constituents of the oil. For instance, suppose 
that a sufficient amount of the air at discharge temperature 
to raise the initial temperature from 60® F. to 200° F. found its 
way back from the receiver or pipe line into the cylinder on the 
suction side of the piston. This air might return through either 
leaky or sticking discharge valves, or from the compressing side 
of the moving piston to the suction side. Then with 200^ F. 
initial temperature, the final temperature of air compressed to 
70 pounds gauge would be 



or 635 degrees by the thermometer, which is high enough to decom- 
pose and ignite even the best of oils. This shows the importance 
of locating the compressor so that the coolest and cleanest ain 
obtainable is drawn into the cylinder. Other conditions favor- 
able to ignition are carbon deposits from the oil on the valves 
and passages, restricting their area; too small a discharge pipe; 
and drawing air from a hot engine room. Any of these cause 
at least an increased final temperature, and each, if extreme, 
will ultimately cause ignition. 

Figure 100 shows the Hodges’ fusible alarm plug, manufactured 
by the Ingersoll-Rand Co. By simply drilling and tapping a 



THE COMPRESSOR 


201 


smaller tank soldered to the side of A and containing soap. The 
bottom of B is perforated with |-inch holes as shown at C. The 
water in A passes through the holes up into B and in passino- 
dissolves some of the soap 
and rises to the top of the 
i-inch pipe B, The solu- 
tion then passes down this 
pipe into the compressor 
suction. Before shutting 
the compressor down, the 
water supply at Z> may be 
turned off and oil from the 
cup G fed into J 5 . 

Because of its low flash 
point, kerosene should 
never be used for cleaning 
the cylinder. Summing up 
all that has been said, the following mode of operation is 
obviously to be recommended; 

Every morning: — 

1. Drain the receiver; 

2. Note the height of lubricating oil in the crank case (or 

in oil cups) and replenish if necessary; 

3. Adjust lubricator for proper amount of oil feed; 

4. Start circulating water. 

Every week: — 

5. Remove crank case, oil and filter; 

6. Remove and examine suction and discharge valves. If 

worn or cut, they should be ground to a tight fit; 

7. Test the safety valve by raisiug the air pressure to the 

point of blow-off; 

8. Take up lost motion in pins and bearings. 

Every month: — 

9. Renew crank case oil, and throughly cleanse the inside 

of crank case; 

lo. Thoroughly inspect all parts, including air and water 

passages. 



Fig. 102. 
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<ipen {H{)e end tir funnel, as shown in Fig. loi. The controlling 
valve shoiild always he i)laced in the inlet. Sometimes the circu- 
lating waliT is used for t>ther pur[)oses after leaving the jacket, 
ariil a closed lircint is necessary. The jacket water pressure 

should not exceed 50 to 
60 pounds unless special 
attention has been given 
to the design. Dirty 
circulating water is in- 
jurious in that mud de- 
posits form which pre- 
vent the water from 
reaching the metal and 
heating will result. If 
the comi)ressor is ex- 
posed to freezing tem- 
I >erature, the jacket 
should be drained after 
iKung shut down, otherwise the expansion of the water in freezing 
will crack tfie jacket. 

Inspection and Cleaning. - - At stated intervals, say every 

iiioiitiu ihi* ronipressor shoukl be thoroughly inspected and any 
dc*fc*'«1 irnineflialrly corrected. Usually, the air valves of the 
iiUHli.Tii iniiipri’ssor are placed conveniently and can be easily 
nmuivvil a.ml exainine<L They shcuild present an oily surface 
and Ir* kip»l free of lairhonaceous deposits. The ports and pas- 
sages should alsti he* kej>i clean and free from ol)structions. 

tleaiiiiig the inside of the air cylinder may he done effec- 
tively liy filling the luf>ric:ator with a strong solution of water 
an«l Hoai'u and feeding liberally throughout a day’s run. Generous 
cjiiaiitities are iiec'essaTj, l)ecause soap in itself is not a very good 
liiliricaiil. At file end of the day’s run the lubricator should be 
filled with oil and the compressor operated for awhile; this, to 
jirtweiil rusting of the inner polished surfaces. A soap-sud 
lubricator suggested by Mr. Martin McGerry in Power^ is 
sliown in Fig. 102. A is a galvanized water tank and i? is a 
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struct the pipe line of gradually increasing cross-sectional area. 
True, the friction loss of air increases with the length of piping, 
the number of elbows, and so forth; but the loss in each unit of 
length added is greater than that in the preceding one, and the 
loss in the last unit is considerably greater than that in the first 
one. Consequently, the shorter the air line, the more nearly 
correct will be the tables generally used; and the longer the line, 
the greater will be the discrepancy. 

Another fallacious assumption sometimes made is that regard- 
ing the relation of friction loss to diameter of pipe. The interior 
resistance is much greater in proportion to volume transmitted 
in small pipes than in large ones because as the diameter is 
reduced, the ratio of perimeter to cross-sectional area increases. 
In forcing a given volume of compressed air through a i-inch line 
the loss is about 3.I times that encountered in forcing an equal 
volume through a 2-inch line of the same length. Other in- 
calculal)le varial)lcs affecting friction are irregularities on the 
inner surfaces of the pq)e, and the broken surface at each joint. 

To sum up, the laws of air friction are: 

1. I'hc loss of pressure due to friction increases with the 
length of pipe; 

2. It increases with the square of the volume of air being 
transmitted; 

3. It increases with the roughness of the interior surface 
of the pipe; 

4. It increases with the number of bends, Joints and fittings; 

5. It increases as the diameter of the pipe is reduced. 


These laws arc expressed by D’Arcy in his formula: 

^ wl 


(93) 
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P1-P2 


wQH 


whence 


(94) 


CHAPTER XII 

FLOW OF COMPRESSED AIR IN PIPES 


As we shall have to do with the flow of both air and water in 
pipes, it is well that we review the principles and laws governing 
each. There is more or less approximation in all the calculations 
and formute for pressure loss in water and air transmission and, 
owing to some uncontrollable variables involved, it is probable 
that truly accurate formulae will never be had until a great deal 
more experimental data is available. 

Water is practically incompressible, and is of approximate 
constant density under all ordinary pressures. Consequently, 
the water frictional losses in pipe are independent of pressure 
conditions and the losses in any given section of a pipe line of 
uniform diameter are identical with those occurring in any other 
section of the same diameter, length and character. In other 
words, loss of head due to friction is directly proportional to 
the length of pipe through which the water flows. 

Air, on the other hand, is very elastic and the volume is in- 
versely proportional to the absolute pressure exerted upon it. 
Compressed air then advancing in a pipe line encounters a head 
or pressure loss due to friction and expands in proportion. The 
velocity of flow is increased in consequence, and this reacts to 
further increase friction loss and so on. The air friction loss, 
then, unlike water friction loss, varies in each unit of distance in 
a pipe line, and herein lies one difficulty of accurate calculation. 
The compressed air friction tables in general use at this writing 
are based on the assumption that air friction loss is directly 
proportional to the length of pipe; that is, if a certain loss occurs 
in looo feet of pipe, the loss in 2000 feet will be twice as great. 
This means uniform velocity throughout the length of the line 
and in order to realize which, it would be necessary to con- 
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where 

Pi= initial gauge pressure at receiver; 

P2 = final gauge pressure at the end of pipe line; 

Pi — P2 = pounds pressure loss in friction; 

w = weight of air in pounds per cubic foot at pressure 
Pil 

Q = volume of compressed air delivered in cubic feet 
per minute; 

I = length of pipe in feet; 

C = experimental coefi&cient depending upon pipe 
diameter; 

d — diameter of pipe in inches. 

In Table 20 may be found the values of w under varying tem- 
peratures an^ pressures, and in Table 21* are given values of 
C, and C for various pipe diameters up to and including 12 
inches. 

Mr. Nathaniel Herz has solved D’Arcy’s formula graphically 
in the December, 1912, Bulletin of the A. I. M. E. He explains 
his chart which is reproduced in Fig. 103 as follows: 

The most common case is that in which the given quantities 
are: the quantity of air required, the length of the pipe, anc 
• the initial pressure. The method of solution is to assume i 
pressure loss and to compute the remaining factor, thus givinj 
the size of pipe corresponding to the assumed loss of pressure 
It is always desirable to try two or more pressure drops, h 
order to find the combination that is most satisfactory, sine 
often a small change in the size of pipe will reduce or increas 
the loss of pressure several pounds. An alternative metho 
is to assume a size of pipe and calculate the correspondin 
pressure drop. Each method involves a series of tedious ca 
culations to arrive at the most economical solution, and als 
requires the use of tables giving the constant, c, the actu: 
diameters corresponding to the nominal pipe sizes, the densit 
of the air, and often for convenience, a table giving the vali 
of expression. A graphic chart has been constructed for tl 
* Robt. Peele — Compressed Air Plant, 
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>8 PUMPING BY COMPRESSED AIR 

solution of these problems with no computation, and without 
the use of tables. The procedure is as follows : — Begin with 
the quantity of compressed air delivered, on the left-hand 
vertical scale; follow across horizontally to the intersection 
with the inclined line corresponding to the length of the pipe 
line; pass up vertically to the inclined line corresponding to 
the initial pressure; then cross the chart horizontally to the 
heavy line at the right of the cross-sectioned part of the chart. 
The point here found is a pivot point, which is held with a 
pencU, pen, or needle point, and a straight-edge placed against 
it and swung across the “Z” diagram. Any two points on the 
inclined and vertical lines that are cut by the straight-edge at 
the same time go together as one solution of the problem, 
giving a pipe diameter with its corresponding loss of pressnre. 
By swinging the straight edge, it is possible to see at a glance 
how the final pressure is effected by a variation of i inch in the 
pipe size. Moreover, the size giving the most desirable result 
is determined at one operation. If the drop is considerable, 
it may be desirable to adjust the volume to correspond with 
the new final pressure, and to repeat the operation; but within 
ordinary economical limits, the error involved by not doing so 
is negligible. Sometimes the problem may arise in another 
form; for instance, to find the maximum volume that can be 
handled in an existing line. In this case, the process is re- 
versed. Begin with the maximum desirable drop, and the 
size of pipe, then pass to the initial pressure line in a horizontal 
direction, then vertically to the length line, and finally hori- 
zontal to the left-hand scale, which will give the corresponding 
volume. Any other combination can be solved in a similar 
manner. The accuracy of this chart is well wdthin commercial 
limits. It has been checked against calculated values for 
combinations varying from loo to looo cubic feet of compressed 
air delivered per minute, pressure losses from three to lo 
pounds and pipes from lo to 4000 feet long; aU results were 
■within 0.5 inches of the pipe diameter, and most of them within 
0.25 inch or less.” 
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Another somewhat similar formula to D Arcy's was published 
by Mr. J. E. Johnson, Jr., in the July 27, 1899, issue of the Ameri- 
can Machinist, and which is 


where, 


p^2 


jj, o _ 0.0006 qH 


(95) 


Pi = absolute initial air pressure in pounds; 

Pi - absolute terminal air pressure in pounds; 
q = free air equivalent in cubic feet per minute of volume 
passing through the pipe; 

I - length of pipe in feet; 
d = diameter of pipe in inches. 


Tables 22* and 23* are given to facilitate the use of Mr. 
Johnson’s formula, an<l, in order to make clear the use of these 
tables, the following typical problems are solved. 

Example i. — Suppose 2000 cubic feet of free air under 90 
pounds is reejuired 1000 feet from the receiver. What size 
pijring should I)e instalU^d that will meet the requirements with 
100 pounds initial pressure? 

Substituting in formula: 

(114.7)^ - (I04.7)--* = 


From Table 12, 


1122 

1x4.7^ 104.7^ 

114.72 = 13^56 
104.72 = 10962 


Hence, P^ — P^ = 2194 for 1000 feet of pipe, or 219.4 for 
100 feet. 

Referring to Table 22, P\^ — P-p for 1000 cubic feet of free air 
per minute through 3-inch pipe is equal to 247 and for 3|-inch 
pipe is equal to 1 14. Therefore, 3 1 -inch pipe should be used. 


Laid law- Durm-Gordon Co.’s Catalogue, 
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Another somewhat similar formula to D’Arcy’s was published 
by Mr. J- E. Johnson, Jr., in the July 27, 1899, issue of the Ameri- 
can Machinist, and which is 




0.0006 qH 
cP 


(95) 


where, 

Pi = absolute initial air pressure in pounds; 

P2 = absolute terminal air pressure in pounds; 
q = free air equivalent in cubic feet per minute of volume 
passing through the pipe; 

I = length of i)i])e in feet; 
d = diameter of pi{)e in inches. 


Tables 22* and 23* are given to facilitate the use of Mr. 
Johnson’s formula, and, in order to make clear the use of these 
tables, the following typi(-al problems are solved. 

Example i. — Suppose 2000 culuc feet of free air under 90 
pounds is required 1000 feet from the receiver. What size 
piping should be installed that will meet the requirements with 
100 pounds initial i)re.s.sure? 

Substituting in formula: 

(114.7)* - (104.7)^ = - - „ 


From Table 12, 


_ 0 ;OOOf> X 2000® X 1200 
H4.7® — 104.7® 

114.7® = 

104.7® = 10962 


Hence, Pi® — Pi® = 2194 for 1000 feet of pipe, or 219.4 for 
100 feet. 

Referring to Table 22, Fi® — Pj® for 1000 cubic feet of free air 
per minute through 3-inch pipe is cfjual to 247 and for 3|-inch 
pipe is equal to 114. 'rherefore, 3.J-inch pipe should be used. 


* Laicllaw-Dunn-Gordon Co.’s Catalogue. 
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Square of 
absolute 
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In Table 23, 1 1,616 is between the squares of 92 and 94 pounds 
gauge pressures. Therefore, the terminal pressure would be 
about 93.5 pounds. 

Loss Due to Valves, Tees and Elbows. — Thus far in the 
discussion, we have assumed clean, straight pipe, free from 
valves, tecs and elbows. All of these fittings, when installed in 
the pipe line, create adilitional friction loss and, consequently, 
their use should be dispensed with whenever possible. There 
arc practically no experimental data to be had regarding the 
amount of loss caused by the addition of these fittings, with the 
exception of one or two tables given in air compressor manu- 
facturers’ catalogues. 

The Ingersoll-Rand Co., in their catalogue No. 74, state that 
the reduction of jiressure caused by globe valves is equivalent 
to that caused by the following additional lengths of straight pipe: 

Diameter of pi])e 1 1 i.j 2 2! 3 3a 4 5 6 7 8 10 12 

Additional length] 2 4 7 loi 3 16 20 28 36 44 53 70 88 

15 i(S 20 22 24 

115 143 162 1,81 200 

and the reduction of pressure caused by cither elbows or tees is 
equal to two-thir<is of that caused by globe valves, or. 

Diameter of ])ipc ‘ 1 I i-] 2 2.^ 3 3?, 7 8 10 12 15 1 8 ^ 

Additional length] 2 3 57 9 11 30 35 47 59 77 96 108 

22 24 

120 134 

The more abrupt the change in direction of the pipe line, the 
greater will be tlu; retarding clTcct upon the contained air and, 
consequently, the greater will be the loss. The resistance caused 
by an elbow increases as its radius of curvature decreases; there- 
fore, long sweep elbows or bent i)ipc should always be chosen. 
The following ('ral)le 24), Liken from the catalogue of the Nor- 
walk Iron Works Co., shows a relation of additional length of 
pipe to elbow radius in terms of pipe diameter. ^ 

Table 25 shows the standard dimensions and weights of 
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Example 2.. — Suppose 2000 feet of 3|-inch pipe is already 
installed, and the equivalent of 1000 cubic feet of free air per 
minute under 70 pounds pressure is desired at the end. What 
receiver pressure is necessary? 

Substituting in formula: 


Pi ^ - 84.72 = 


0.0Q06 X 1000^ X 2000 
3 - 5 ' 


y. 9 0.0006 X IOOo 2 X 2000 , o 2 

A +8« 


Referring to Table ii, 

— P‘? = 455 for 100 feet of pipe, or 9100 for 2000 feet. 


From Table 12, 

= (84.7)2 = 7174 

Now 

Pl^ = P2^+(Pl^-P2^) =16274. 


In Table 23, 16,274 is between the squares of iio and 115 
pounds gauge pressures. Therefore, an initial pressure of ap- 
proximately 1 13 pounds will be necessary. 

Example 3. — Suppose an air compressor having a free air per 
minute capacity of 500 cubic feet is discharging against a pressure 
of 100 pounds into a 2|-inch pipe line 1000 feet long, what will 
be the terminal pressure? 

Substituting in formula: 

. ..2 n 2 0.0006 X Soo 2 X 1000 

114.7 - 


From Table 12, 
From Table ii, 


„ 2 0.0006 X 500^ X 1000 

Pi = 114 


2 - 5 " 


Pi = 114.72 = 13156. 


Pi — Pi = 154 for 100 feet of pipe, 


or 1540 for 1000 feet. 

Now 

Pi = Pi - {Pi - Pi) 
= 11,616. 
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TABLE 26 


Standard Dimensions of Coufungs for Steam, Gas and Water 
1'ii‘E — Black and Galvanized 


Size of pipe, 
nominal, 
ini'.ide 
diameter 

Inside 
dianietei* of 
conpliiU' 

Outsitie 
diameter of 
eoupUiiK 

Outside 
area of 
coupling 

Length of 
coupling 

Threads 
per inch 
of screw 

Average 
weight of 
coupling 
in pounds 

Iiichoi; 

Inehef, 

11 

Inelien 

Stp ins. 

Inches 



H 

1 '! 
a 2 

o. 2 y(> 

111 

1 1 >. 

J rt 

27 

0.031 

i 

8 

a 2 

0.405 

18 

0.046 

H 

1 

2 

i'> 1 

2 ;! 

.1 ii 

ii-i 

1 

o-SSO 

O-'/SS 

I i‘(J 

18 

14 

0.078 

0.124 

4, 

/if 

J.'ii 

i 

I l'4 

14 

0 . 250 

X 

I. -i 

^ i <1 

■y 

1 .017 

'111 

Ili 

o> 45 S 

jI 

li 

-‘•<>53 

2 j 

ili 

0.562 

li i 

ii 

2 

-n '2 

3.M.1 

2 i! 

1 1 i 

0.800 

2 


5 '<> 3 <) 

-H 

.1 1 i 

1.250 

si 


3.8 a 

8.41 0 

n 

8 

1*757 

3 

.u 

3 1 1 ! 

I . 1 77 

3h 

8 

2.625 

3i 

3/‘ 

4 1*4 

15.406 

35 

8 

4 . 000 

4 

4^4 

5 

k>3M.5 

35 

8 

4.125 

42 

44 

si 

.>5 . 758 

35 

8 

4.875 

5 

5 A 

Mi 

7 it 


3 « 347 

4h 

8 

8.437 

6 

7 

7 14 
^14 

41 .6<)l 
54.-^S5 

4J 

4 ii 

8 

8 

30.625 

1 1 .270 

8 



68.078 

45 

8 

15.3 50 

9 


to,! 

84 . 54 > 

5h 

8 

17.820 

10 

lOl’s 


106.688 

M 

8 

27.700 

1 X 

I'lj 


1 25 . 78 

<4 

8 

33 ■ »\50 

12 


13I 

151,20 

(4 

8 

43.387 

13 

I.tll 

^ 5/4 

178.16 

(4 

8 

46 . 280 

14 

Mil 


210.60 

<4 

8 

63.270 

IS 

'Sfl 

^ 7 i 

257. 10 

(4 

8 

()() . 000 
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wrought-iron pipe, all of which will be found useful in prepar- 
ing designs of air lines. 

In Tables 25 and 26 are specifications of screw and couplings 
for wrought pipe. 

TABLE 24 


Radius of elbow in terms of diameter of 
pipe 

5 

3 

2 

ih 

li 

I 

1 

4 


Equivalent length of straight pipe in 
terms of its diameter 

7-85 

8.24 

9.03 

10.36 

12.72 

17. SI 

35.09 

121.2 


TABLE 25 

Table of Standard Dimensions of Wrought-iron Pipe 


Nominal 

inside 

diameter 

Actual 

inside 

diameter 

Actual 

outside 

diameter 

Internal 

area, 

square 

inches 

External 

area, 

square 

inches 

U. S. gallon 
per foot 
of pipe 

Weight of 
pipe per 
lineal foot 

Inches 

Inches 

Inches 

Sq. ins. 

Sq. ins. 

Gallons 

Pounds 

i 

0.270 

0.405 

0.057 

0.1288 

0.0029 

0.24 

i 

0.364 

0.540 

0.104 

0.2290 

0.0054 

0.42 

i 

0.493 

0.675 

0.191 

0-3578 

0 . 0099 

0.56 

2 

0.622 

0.840 

0.304 

0-554 

0.0158 

0.84 

A 

4 

0.824 

1.050 

0.533 

0.866 

0.0277 

1. 12 

I 

1.048 

1-315 

0.861 

1-358 

0.0447 

1.67 

li 

1.380 

1.660 

1.496 

2.164 

0.0777 

2.24 

li 

1 .610 

1 .900 

2.036 

2-835 

0.1058 

2.68 

2 

2.067 

2.375 

3-356 

4-430 

0.1743 

3-61 

H 

2,468 

2.875 

4.780 

6.492 

0.2483 

5-74 

3, 

3-067 

3-500 

7-383 

9.621 

0-3835 

7-54 

3 i 

3-548 

4.000 

9.887 

12.566 

0-3136 

9.00 

4 

4,026 

4.500 

12.730 

15.904 

0.6613 

10.66 

4 i 

4.508 

5.000 

15.961 

19.635 

0.829 

12.34 

5 

5-045 

5-563 

19.986 

24.301 

1.038 

14.50 

6 

6.065 

6.625 

28.890 

34.472 

1.500 

18.76 

7 

7.023 

7-625 

38.738 

45.664 

2.012 

23.27 

8 

7.981 

8.625 

50.027 

58.426 

2.599 

28.18 

9 

8.927 

9-635 

62.730 

72.760 

3-259 

33-70 

10 

10.018 

10.75 

78.823 

90.763 

4-095 

40.06 

II 

II . 000 

11.75 

95 -033 

108.434 

4-937 

45.02 

12 

12.000 

12.75 

I 13 .098 

127.677 

5-875 

49.00 

13 

13-25 

14 

137.887 

153-938 

7-163 

54.00 

14 

14-25 

15 

159-485 

176.713 

8.285 

58.00 

15 

15-25 

16 

182 .665 

201 .062 

9-489 

62 .00 


Air Line Design. — There are other factors besides pure 
efiiciency of air transmission that should be considered in a pipe 
line design. To reduce to the absurd, it would be poor economy 
to transmit 250 cubic feet of free air per minute through a 10- 
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Solving 

= 12659 

Pi = 112.6 or a gauge pressure of nearly 98 pounds per 
square inch. 


Added to this, the loss caused by the four elbows and two globe 
valves makes initial pressure amount to 99.4 pounds. 

The Indicated Horse l*ower required to compress 5000 cubic 
feet of free air i)er minute up to 99.4 pounds pressure is (Table) 
5000 X 0.176 = 880 and which necessitates the generation of 
880 X 15 = 13200 pounds of steam per hour at the expense of 
1320 pounds of coal, 'riie yearly fuel cost for ten hours a day 
operation (Sundays e-xcluded) then is 


13 20 X IQ X 3 13 X $3 
2000 


= $6197.40 


The cost of a si.x-inch i)i[)e line and fittings, not including exca- 
vation or labor, would he about $1000.00. Taking interest and 
ilepreciatiun into consideration, the total operating expenses 
tabulate as follows: 


Furl (*(wt for one year $6197.40 

Si.\ {HT (flit ini f rest cm pipe line 60.00 

'Fen iHT cent, clepntfiaticm on pipi! line 100.00 


$6357.40 

I'he cost now of a 7-inch jiipc line and fittings, likewise exclusive 
of labor and e.xcavation which wouhl amount to practically the 
same as for 6-iiu:li pipe, is about $1400.00. By the same method 
of calculating as previously employed, we find that for this 
size [tipe line: the oiierating, interest and depreciation charges 


tabulate as follows: 

fost for one year $6076.00* 

Six imr eent intereHt on pipe line 84.00 

Six per cent (lepreiiation on pipe line 140.00 


$6300 . 00 

* A.HHumeci 15.5 pouink steam consumption since the compressor is only 90 per 

cent loaded. 



2I6 


PUMPING BY COMPRESSED AIR 


inch line, simply because the losses would be negligible. The 
interest on the investment, depreciation, and up-keep are really 
part and parcel of operating economy, but, unfortunately, are 
entirely lost sight of and sacrificed by efficiency’’ enthusiasts 
in their designs of power plants, pipe fines, etc. 

To illustrate the proper method of procedure in long air-line 
design, consider the following hypothetical case: 

Suppose we are required to deliver the equivalent of 5000 cubic 
feet of free air per minute under 80 pounds pressure at the end 
of 2000 feet of pipe, with 100 pounds maximum on the receiver. 
Assume further, that the compressor installed or contemplated is 
the cross compound Corliss condensing steam end, two-stage air 
end and has a steam consumption of 15 pounds per I.H.P. hour. 
The boiler evaporation is, say, 10 pounds of steam per pound 
of coal, and the coal is worth $3.00 per ton delivered at the 
furnace. The conditions require four 90-degree bends and 
two globe valves. What size of piping is best suited to the 
requirements? 

We are limited to a pressure drop of 20 pounds gauge or 34.7 
pounds absolute; consequently, we must install a pipe fine whose 
losses do not exceed this amount. First, then, determine accu- 
rately the size pipe having this maximum loss by substituting 
Mr. Johnson’s formula: 

9 9 0.0006 X >^000^ X 2000 

114.72 - 94.72 = 

Solving, 

— 7163 
d = 5.9 

No pipe is manufactured of the above inside diameter; therefore 
the smallest commercial line possible, the limitations considered, 
is pipe of 6.065 ™ch inside diameter, or what is known as 6-inch 
standard pipe. In order to find the actual losses entailed in the 
use of this size pipe, again substitute in the formula as follows: 
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Pipe lines are constructed of cast iron, wrought iron or steel 
riveted pipe, and connecting joints are made with either sleeve 
or flange couplings. The typical air line is wrought pipe with 
sleeve couplings. Bends and fittings should be installed only 
where absolutely necessary for reasons as before given. Pro- 
vision should be made by blowing out water at the end of the 
line even if an additional valve and fittings are necessary. 
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For 8-inch pipe, 2000 feet of which would cost about $2000.00, 


the tabulation would be; 

Fuel cost for one year $6041 . oof 

Six per cent interest on pipe line 120.00 

Ten per cent depreciation on pipe line 200.00 


$6361.00 

A comparison of the totals show that 7-inch pipe is the proper 
size to install, all things considered. 

Loss of Power. — Besides the loss of head or pressure caused 
by friction, there is also a loss of power which is incident upon 
the cooling of the air after leaving the cylinder. This loss occurs 
in the receiver or in the first hundred feet or so in the pipe line, 
and is smaller per unit of length of pipe than the actual friction 
loss. In a measure, power loss is a compensation for friction 
loss in that, by cooling the air, its volume is diminished and, in 
consequence, the velocity decreased. The unavoidable loss due 
to heating and cooling of air has already been discussed. 

Air Pipe. — By far the most expensive loss in air piping is 
leakage. All joints should therefore be carefully made and a 
sealing compound used liberally. The compound should be 
applied on the male end of the joint, otherwise it will be forced 
inside of the pipe restricting the area, and increasing the air 
friction. In laying the line, each length of pipe should be 
thoroughly cleaned and care taken to avoid low points or pockets 
where water could accumulate and obstruct the passage of the 
air. After completing the line, it is a good plan to build up a 
pressure, hammer the pipe well and suddenly release the air at 
the end. This will loosen and remove any scale that may have 
resisted the first cleaning. 

For surface lines, expansion joints should be provided to take 
care of expansion and contraction resulting from varying tem- 
peratures of the atmosphere. This is not so important in under- 
ground piping because the temperature is practically constant 
the year around. 

t Assumed 15.75 pounds steam consumption since the compressor is only 
8s per cent loaded. 
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All of these laws are expressed in the well-known formula: 

a (98) 

where 

Si = loss head in feet due to friction; 
f= friction factor which varies with the diameter and nature 
of the inner surface of pipes; 

I = length of i)ipe in feet; 
d — diameter of pipe in feet; 

— = velocity head. 

The factor / is the uncontrollable quantity in the formula. 
It varies not only with tlie condition of the inner surface of the 
pipe, but also with the pqre diameter and the velocity of flow 
of water in the pii)e. In 'Fable 27 are given experimental values 
of / compiled from (liscu.ssions of various authorities. The 
probable error in the values tabulated amount to about ten 
per cent. For approximate calculations the mean value of / may 
be taken as 0.02. 


TABLE 27 


Pipe 


Vt 

ItH’ity in iht ntwml 



diameter in 
feet 

1 

2 


. 

4 

(5 

10 

IS 

0.05 

0,047 

0 . 04 1 

0.047 

0.044 

0.041 

0.02Q 

0.028 

0. I 

0,048 

0.04 j 

0.04a 

0,028 

0.036 

0.034 

0.023 

0. 25 

0 , 04 i 

0 , OiiS 

0,026 

0.035 

0.034 

0.022 

0.021 ' 

0.5 

o.Oi?K 

0.026 

0.025 

0 034 

0.032 

0.020 

O.OtQ 

0.75 

0,0 

o.ojs 

0,024 

0.033 

0.021 

O.OIQ 

0.018 

1 .0 

0 o.?5 

0.024 

0.0 24 

0.033 

0.020 

O.OlH 

0.017 

1.25 

o.o.?4 I 

0.024 

0.022 

0.031 

O.OK) 

0.017 

0.016 

1.5 

0,024 ! 

0,022 

0 021 

0.020 

O.OlH 

0.016 

o.ots 

i* 7 S 

0.022 ^ 

O.Q 21 

1 0,020 

O.OlH 

0,017 

o.ois 

0.014 

2.0 

0.021 1 

0,0i!0 

O.DK? 

0.017 

0.016 

0.014 

0.0x3 

2-5 

0.020 

0,010 

o.oiH 

0.016 

0.015 

0.014 

0.012 

3*0 

O.OIQ 

0.018 

0.016 

0.015 

0.014 

0.013 

0.012 

3-5 

o.oiK 

0.017 

0.016 

0.014 

0.01:4 

0.012 


4.0 

O.Of 7 

0.016 

0,015 

0.014 

0.012 

o.on 


5.0 

6.0 

0,016 

0.015 

1 

0,015 

0.014 

0.014 
0.014 i 

0.014 

0.012 

0.012 

O.OII 





CHAPTER XIII 
FLOW OF WATER IN PIPES 

Theoretically the flow of water through pipes is in accord- 
ance with the fundamental formula: 

V V 2 gh (96) 

where 

V = velocity of flow in feet per second; 
g = acceleration in feet per second due to gravity; 
h = head in feet at the pipe end causing the flow; 

Therefore, solving (96) for h we have 


If there were no friction losses or no entrance losses this formula 
would tell the whole story of the flow of water; but, like air, the 
flow of water through a pipe line is accompanied by a loss of 
head or pressure proportional to the length and diameter of pipe, 
quantity of water, condition of the inner surface of the pipe, 
etc. Many experiments have been performed with a view of 
establishing constants and formulas, notably those of D’Arcy, 
but errors in calculations of an3rwhere from 5 to 15 per cent are 
unavoidable. 

The laws governing the flow of water are summed up as 
follows :• 

1. The loss in head due to friction is directly proportional to 
the length of pipe through which the water flows. 

2. The friction loss increases with the decrease in pipe diam- 
eter. 

3. The loss increases nearly as the square of the velocity of 
flow. 

4. The loss is independent of the pressure of the water. 

5. The loss increases with the roughness of the interior surface 
of the pipe. 
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TABLE 28 


Capacity in Gallons plr Minute Discharged at Velocities in 
Fbist i»er vSkcond, from 3 TO 15. Also Friction Head in 
Ficict im«:r 100 Picet Length of Pipe 


Diam. 

pipe 

i-Ioch 

2"Im'h 

3 -Inch 

4-Ineli 

5-Inc;h 

6"Inch 

Velocity 

Capacity | 

Friction 

j Capacity 

n 1 
.S 

Capacity 

j Friction 

? Capacitv 
! 

1 Friction 

Capacity 

Friction 

Capacity 

Friction 

3 

7-34 

4 . oH 

29 .i 7 

2,04 

(k).09 

I.. Vi 

! 

117. .50 

£.02 

183.63 

o.Ki6 

264,24 

0,68 

4 

9-79 

6 . «.I 

39 i«> 

A 41 

KH 12 

2.27 

1 1.56,67 

1.71 

244.84 

£.36 

3.52.32 

I . r.i 

5 

12.24 

10.2 

.JH 9.5 

5 12 

no. 15 

3.41 

195.70 

2.. 56 

306.05 

2.05 

440,40 

1,70 

6 

14.68 

I 4 ..i 

SH 7.1 

7 lOj 

132. IH 

4 78 

2.15.84 

3.58 

.167.26 

2.86 

528.48 

2.38 

7 

17.13 

li}.0 

<iH ,53 

(I S.t| 

1.54 21 

(1 3 <i 

274 y8 

4.77 

42H.47 

3.81 

616.56 

3.18 

8 

19.58 

24 • .5 

7H 32 

12.2 

r;6 24 

H.lfi 

314.12 

6. 12 

489.68 

4.90 

705.64 

4.08 

8| 

20.80 

27.4 

83.23 

13 7 j 

187.2.5 

<JtS 

333.75 

6.86 

52D.61 

.5.49 

749.01 

4 .. 57 

9 

22.03 

30,5 

8K, U 

p; 2 1 

198 27 

10 , I 

3.52.26 

7.64 

5.50.89 

6.ir 

793.72 

5.09 

9 h 

23 . 25 

3.3 . H 

93 , 00 

X(1 9 1 

jtm i-i 

tt 2 

1 371.90 

8.46 

.581.2.5 

6.77 

837.08 

5 . 6 £ 

10 

24-48 

.i 7 

97 IK) 

xH,(> 

220 30 

>2 4 

391.40 

9- 33 

612. 10 

7.46 

881.80 

6.21 

io| 

25.70 

40 . 9 

1 02. Ho 

20,4 j 

231,31 

M (» 

1 411.0.5 

10.2 

642.43 

8.19 

92.5.20 

6.82 

II 

26.92 

44.7 

K.r; . fK) 

22.3 ; 

242 33 

14 9 

430 .54 

H, I 

673.31 

8.95 

969. 88 

7.45 

ii^ 

28.15 

48 . 7 

n .1 , 58 

24 .1 ! 

2 S .3 34 

16 i 

450 20 

U. I 

703.62 

9.74 

! 1013,3 

8 .U 

12 

29.37 

52.8 

117.48 

Jh 4 1 

2(»4 3 () 

* 7.6 

470,68 

13.2 

734.. 52 

10.5 

£ 0 . 57.9 

8.80 

13 

31.82 

61 . 5 

1.7.27 

30 7 1 

2Hf» 39 

20 5 

5 qLH 2 

15 3 

79,5.73 

12,3 

1145.0 

10,2 

14 

34.27 

710 

137 

tS 5 1 

3f)H 42 

23 7 

.548 iKi 

17.7 

8.56394 

14.2 

1233.1 

£1.8 

IS 

36.72 

8x .0 

140 . 8,5 

40 5 

.U0.4.S I 

27.0 

.587.10 

20,3 

918.15 

16.2 

1321.2 

13.5 

Diam. 

pipe 

7-Incli 

8 hu h 

flinch 

to* Inch 

1 2" Inch 

1 4- Inch 


!>. 

a 

! 


1 

fi 

J,, 

(1 


fl 

In 

CJ 



0 

•h 1 


'll 1 

0 


.S 


0 


0 

8 


0 

li ^ 

*,* 


a 

1 

u 

I 

r; 

i 

'■y 


c 3 

•n ; 

j 

u 

i ; 

(5 

: ^ 1 

£ 

u 

•u 

u 

£ 

s 

£ 

3 

359 . 79 

0. 5K3 

470 «1 

;o sio’ 

' mt 78 

0 453 

7 . 14.40 

0.40H 

£ 0 , 57.. 5 

0,347 

1439.0 

0.291 

4 

479.72 

0. 1176 

(>jh yj 

;o K54 

79 .i 04 

0 759 

979 ■20 

0.683 

I 4103 > 

0..5H1 

1919.7 

0.488 

S 

599.65 

i , 4<» 

78.1.40 

.1 JH 

mi 3 <» 

1 . 1,1 

1224.0 

£ ,02 

1762.6 

0.H71 

2399.4 

0.731 

6 

719.58 

2.05 

9-1 0 j 

l» .79 

,5 

I 59 

t I4<»H H 

t.43 

21 1.5. I 

ir,2J 

2878.0 

1.02 

7 

8.39.51 

2.72 

7 i 

ji 38 , 

1388 K 

2 t2 

1713.6 

1 3)0 

2467,6 

£.62 

3358.7 

1.36 

8 

959.44 

3.49 

liS 3.4 ; 

3 .f*f» : 

1586 t> 

2.72 

19.5H.4 

2.4.5 

28 20. 1 

2.0H 

3H3H.4 

X.75 

8i 

1019. 4 

3 . 92 

tm 5 ^ 

.1 43 

16H 5 0 

3.05 

! 

2.74 

' 2 <K) 6.3 

2.33 

4078,3 

1.96 

9 

1079.4 

4 . .if* 

1410.1 

.4 82 

17H4.3 

3 4 « 

220,1 2 

3 . 0,5 

3172.7 

2,60 

4318.1 

2.18 

9} 

1139 . 4 

4.H3 

i MHH.O i 

4.23 

1883 % 

3 76 

232.5 6 

3..IH 

3348.9 

2.88 

4.55H.0 

2,42 

10 

1199 . 3 

5 . .li 

: i 

U.itk* 

im fi 

434 

244H.0 

3 73 

3.525.2 

3.17 

4798.0 

2.66 

io| 

1259.3 

5.K4 

164S.H 1 

.5 2i ■ 

■JtsMj 7 

4.S.5 

2570.8 

14.09 

370 J .4 

3.48 

50 . 17.7 

2.92 

11 

1319.2 

r> . .39 

t 72 ,.i .5 

\%.m 

MHI i} 

4 97 

i 2<i*M H 

14.47 

. 077.7 

3. Ho 

5277.S 

3.19 

11} 

1379.2 

6 . 9 S 

iKoi.S 

16 tM 

2280,0 

.5.41 

281,5.2 

4.87 

40 , 53.8 

4.14 

5 . 517.4 

3. 48 

12 

1439.2 

7.54 

iKKOi 

fi.fk) 

2179 * 

5. 87 

2 <l.t 7.6 

.5.28 

4230.2 

4.49 

5757.2 

3.77 

13 

1559. I 

S.79 

20,16 , R 

17.00 - 

2577.4 

6.84 

3182.4 

6 . 1.5 

4.5H2.8 

.5.23 

6237.8 

4.40 

14 

1679-0 

XO. 1 

2 I 9 .L 5 

!H ,87 ■ 

277 f >.6 

7.88 

. 1427.2 

7.10 

49.1.5.4 

6.03 

6717 .. 5 

S.06 

15 

1799.0 

X: 3 C ,6 

3350.2 

Jjo.i . 
1 


9.00 

.1672.0 

8.10 

5287.8 

6.89 

7107.2 

5.79 
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In Table 28 is given the capacity in gallons of water per 
minute discharged at various velocities, also the friction head in 
feet encoimtered. The values given are for lengths of 100 feet. 

The friction loss in 




Fig. 104. 


-((.(r 


pounds may be com- 
puted by multiplying 
the tabular values by 
0.434. 

To determine the 
total loss occurring in 
straight pipe of uni- 
form diameter, the loss 
of entrance must be 
added to the friction. 
The entrance loss de- 
pends upon the shape 
of the pipe end. The 
straight standard end, 
the inward projecting 
end, and the bell end 
are shown in Figs. 104, 
105 and 106, respec- 
tively. The loss is 
greatest in the second named and least in the last named. The 
entrance loss may be expressed by the formula: — 


W 


Fig. 105. 


Fig. 106. 


Hi = C- 




(99) 


where 


C = constant, the value of which depends upon the pipe and 
design; 




= velocity head as before. 


The values of C for the end shown in Fig. 105 is 0.93, for that 
shown in Fig. 104 is 0.49, and for Fig. 106 is o. It is customary 
to use 0.5 as the value of C in approximate calculations or where 
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the shape of the end is not stated. The entrance loss is very 
small in proportion to friction loss in very long pipe lines, but in 
short lengths, the entrance loss is often the greater. Therefore, 
to obtain the total head necessary to force the water through 
the pipe, all losses must be added to the velocity head or 

U = h + Ih + Ih (loo) 


'Substituting the values previously determined, we have 


simplifying, 



(lOl) 


'I'he above equation (too) is the fundamental formula for the 
flow of water in clean, straight pipe of uniform diameter having 
close joints. 

Loss in Bends and Elbows. - • Like air, whenever the direction 
of llt>w of water is change<l there result additional losses to be 
overcome. Take an elbow, for instance: the water traveling in 
a straiglit line imi>inges on the outer wall of the bend, increasing 
the pressure along that surface and in a direction away from the 
center of tlie radius of curvature. Eddying motions, with the 
resulting im{)act of water particles occur, and energy is trans- 
formi;d into heat which is dissipated. The loss in long, easy 
bends is small, and is considerably greater in proportion for 
elbows in small i)ipes than for hirge ones. 

d'lie laws stated at the beginning of the chapter for losses by 
friction- in .straight pipe, apply al.so for curvature losses. There- 
ftire, we may write the following formula: 


where 


Ih 


f U 

^"d2l 


(102) 


Hi ~ loss in feet; 

/i = curve factor, the value of which depends upon the ratio 
of radius of curve R, to diameter of pipe d] 
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TABLE 28. — (Continued) 

Capacity in Gallons per Minute Discharged at Velocities in 
Feet per Second, from 3 to 15. Also Friction Head in 
Feet per ioo Feet Length of Pipe 


g 0 
ca Q* 

iS-Inch 

18-Inch 

20-Inch 

22-Inch 

24-Inch 

26-Inch 

Velocity 

Capacity 

Friction 

Capacity 

Friction 

Capacity 

Friction 

Capacity 

Friction 

Capacity 

Friction 

Capacity 

Friction 

3 

1652 . 2 

0.272 

2,379.7 

0.227 

2,937.0 

0.204 

3 , 554.1 

0.185 

4,230.3 

0.170 

4,964.2 

0 .IS 7 

4 

2203.0 

0-455 

3.172.6 

0.379 

3,916.0 

0.342 

4,739.8 

0.310 

5,640.0 

0.284 

6,619.0 

0.262 

S 

2754.7 

0.682 

3,965.5 

0.569 

4,896.0 

0.512 

5,924.5 

0.46s 

7,050.8 

0,426 

8,274.7 

0.394 

6 

3304.4 

0.955 

4,758.4 

0.795 

5,875.0 

0.717 

7,108.2 

0.651 

8,460.6 

0.597 

9,929.5 

0.550 

7 

3855.2 

1.27 

5 , 552.3 

1.06 

6,854.0 

0 . 9 S 4 

8,293.9 

0.866 

9.870.3 

0.794 

11,583 

0.753 

8 

4406.9 

1.63 

6,345.2 

1.36 

7,833.0 

1.22 

9,478.6 

i.ii 

11,280 

1. 01 

13,238 

0.940 

8} 

4688 . 1 

r.82 

6 , 741.9 

1.52 

8,323.6 

1.37 

10,071 

1 . 25 

11,985 

1. 14 

14,066 

1. 05 

9 

4957.7 

2.04 

7,138.1 

1.70 

8,812.0 

1.53 

10,663 

1-39 

12,690 

1.27 

14,893 

1. 17 

9h 

5232.1 

2.25 

7 . 534.8 

1. 88 

9,302.6 

1.69 

11,255 

1.54 

13,39s 

1.40 

15,721 

1.30 

10 

5508.4 

2.50 

7 , 931.0 

2.07 

9,792 

1.87 

11,848 

1.69 

14,100 

1 . 55 

16,548 

1.43 

io| 

5783.4 

2.73 

8,328.8 

2.27 

10,281 

2.05 

12,440 

1.86 

14,805 

1.70 

17,375 

1.57 

II 

6058.2 

2.98 

8,724.9 

j2.48 

10,771 

2.24 

13,033 

2.03 

15,510 

1.86 

18,202 

1.72 

11^ 

6334.6 

3.25 

9,121.7 

2.70 

11,258 

2.43 

13,625 

2.21 

16,21s 

2.03 

19,029 

1.87 

12 

6609.9 

3.52 

9,517.8 

2.93 

11,750 

2.64 

14,217 

2.40 

16,920 

2.20 

19,857 

2.03 

13 

7160.6 

4.10 

10,310 

3.42 

12,729 

3.08 

15,402 

2.79 

18,330 

2.56 

21,511 

2.36 

14 

7711 . 4 

4.73 

11,104 

3.93 

13,708 1 

3.55 

16,587 

3.22 

19,740 

2.9s 

23,166 

2.73 

IS 

8262.1 

5.40 

11,897 

4.50 

14,688 

4.05 

17,772 

3.68 

21,150 

3.37 

24,824 

3 . II 

S“' 

28-Inch 

30-Inch 

32-Inch 

36-Inch 

42-Inch 

48-Inch 

Velocity 

Capacity 

Friction 

Capacity 

Friction 

Capacity 

Friction 

Capacity 

Friction 

Capacity 

Friction 

Capacity 

Friction 

3 

5 r 7 S 7.2 

0 

H 

6,609 

0.136 

7,519.7 

0.127 

9,518 

0.113 

12,954 

0.097 

16,921 

0.085 

4 

7,676.2 

0.244 

8,812 

0.227 

10,026 

0.213 

12,690 

0,189 

17,272 

0.163 

22,561 

0.143 

5 

9.596.3 

0.366 

11,015 

0.341 

12,532 

0.320 

15,863 

0.284 

21,590 

0.244 

28,201 

0.213 

6 

11,514 

0.512 

13,218 

0.478 

15,039 

0.447 

19,033 

0.397 

25,908 

0.341 

33,841 

0.298 

7 

13,434 

0.681 

15,421 

0.636 

17,546 

0.591 

22,208 

0.528 

30,226 

0.454 

39,482 

0.397 

8 

15,353 

0.87s 

17,624 

0.816 

20,052 

0.764 

25,381 

0.679 

34,544 

0.583 

* 45,122 

0.510 

8^ 

16,316 

0.980 

18,72s 

0.915 

21,306 

0.857 

26,967 

0.760 

36,704 

0.653 

47,942 

0.571 

9 

17,273 

1.09 

19,827 

1. 01 

22,559 

0.954 

28,554 • 

0.847 

38,863 

0.728 

50,762 

0.636 

9} 

18,231 

1. 21 

20,928 

1. 12 

23,812 

1.06 

30,140 

0.938 

41,022 

0.806 

53,582 

0.694 

10 

19,192 

1.33 

22,030 

1.24 

25,065 

1. 16 

31,726 

1.03 

43,181 

0.888 

56,403 

0.778 

10^ 

20,150 

1.46 

23,131 

1.36 

26,319 

1.28 

33,313 

1. 13 

45,340 

0.975 

59,223 

o.8sr 

It 

21,111 

1.60 

24,233 

1.49 

27.572 

1.40 

34,899 

1. 16 

47,499 

1.06 

62,043 

0.930 

11^ 

22,069 

1.74 

25,338 

1.62 

28,825 

1 . 52 

36,48s 

1.35 

49,658 

1.16 

64,863 

1. 00 

12 

23,030 

1.89 

26,436 

1.76 

30,079 

i.6s 

38,072 

1.46 

51,817 

1.26 

67,683 

1. 10 

13 

24,950 

2.20 

28,639 

2.05 

32,58s 

1.92 

41,244 

1.70 

56,135 

1.46 

73,324 

1.28 

14 

26,869 

2.53 

30,842 

2.37 

35,092 

2.21 

44,417 

1.97 

60,453 

1.69 

78,964 

1.48 

15 

28,788 

2.89 

33,045 

2.70 

37.598 

2.53 

47,590 

2.24 

64,771 

1.93 

84,604 

1.69 
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TABLE 29 

Friction of Water in Elbows 

(Pressure in Pounds per Square Inch to be Added for Each Elbow) 


C.S g 
^ S g 






Pipe 

dzes 





•a s ^ 

p 

2 

23 

3 


4 

S 

6 

7 

8 

9 

10 

5 

0 . 002 











10 

0 . 006 

0.003 








— 


IS 

0.014 

0.00$ 









.... 


20 

0.025 

0.012 

0.005 









25 

0.038 

0.02 

0.008 









30 

0.055 

0.028 

O.OII 





.... 


.... 


35 

0.076 

0.037 

o.ois 

0.009 









40 

0.098 

0.049 

0.02 

O.OII 

0.007 





.... 


45 

0.125 

0.062 

0.026 

0.015 

8 

d 







50 

0.153 

0.08 

0.032 

0.017 

O.OI 







60 

0 . 22 

0. II2 

0.044 

0.026 

0.015 

0 

b 

0 

On 

0.003 





70 

0.304 

0.148 

0.06 

0-035 

0.021 

0 

0 

0 

VO 

0.004 

0.002 




75 

0.35 

0,172 

0.072 

0.04 

0.024 

O.OI 

0.005 

0.003 




80 

0.392 

0.196 

0.08 

I 

d 

0.027 

0.012 

0.005 

0.003 

.... 



go 

0.50 

0.248 

0.104 

0.06 

0.035 

0.014 

0.007 

0.004 




100 

0.612 

0.32 

0.128 

0.068 

0.043 

0.017 

0.008 

0.005 

0.003 

0.002 


125 

0.970 

0.48 

0.20 

0. 112 

0.067 

0.027 

0.013 

0.007 

0.004 

0.003 

0.002 

150 

1-39 

0.685: 

0.286 

0.16 

0.096 

0.039 

0.019 

O.OI 

0.006 

0.004 

0.003 

175 

1.90 

°-935 

0.390 

0.218 

0.132 

0.053 

0.026 

0.014 

0.009 

0.005 

0.004 

200 

2.44 

1 .128 

0.512 

0.272 

0,172 

0.068 

0.032 

0.02 

O.OII 

0.007 

0.005 

250 

3.86 

I .91 

0.80 

0.446 

0.268 

0.109 

■ 0.025 

0.029 

0.017 

O.OII 

0.007 

300 

5 -56 

2.74 

1. 14 

0.64 

0.384 

0.156 

0.076 

0.042 

0.025 

o.oie; 

O.OI 

350 

- • ■ 

3-77 

1.58 

0.88 

0.530 

0.215 

0.103 

0.057 

0.034 

0.022 

0.014 

400 

. . - 

5.12 

2-05 

1 .09 

0.688 

0.272 

0.128 

0.08 

0.044 

0.028 

0.018 

450 


6 . 20 

2.58 

1.45 

0.870 

0.352 

0.170 

0.094 

0-057 

0.036 

0.023 

500 


7.64 

3.20 

1.78 

1 .07 

0,436 

0.208 

O.II6 

0.068 

0.044 

0.028 

750 

. . . 




2.42 

0.970 

0.470 

0. 260 

0.156 

0. 10 

0.063 

1000 

- . . 




4.28 

1.74 

0.832 

0.464 

0.272 

0.176 

O.II 2 

1250 ' 

. . . 




6.70 

2 . 71 

1. 31 

0.728 

0.43s 

0.276 

0.175 

1500 

1 





9.68 

3.88 

1.88 

0.84 

0.624 

0.40 

0.252 


Loss in Valves. — The presence of globe valves, cocks or gate 
valves in a pipe line to regulate the flow of water causes additional 
losses. This from the fact that obstructions are offered to the 
flow, and the loss increases as the area of the opening is reduced 
by closing the valve. Of the three types of valves mentioned, 
the gate type is the least harmful, and, consequently, should be 
used wherever efficiency of flow is required. Thus the throttling 
loss is expressed by the formula: 

Hi = Cx — (103) 



1‘t'MIMXi; HV C'ChM^RKSSED AIR 


2 26 

d diariiiler ui pi|)e in feet, 

— veliM/itv iiead. 

i; 

\Vc kiuiw viTV little about the value of Ji and what we do know 
U obtainetl imm experinuiits perfurnuni eitlier on bends in hose 
cjr c’urves withiail joints. In aetual jmuiice, poorly made joints 
Ik* eontriidrd with, and it is <|uite pn^bal)le tluii losses 
from this soiirie are rnueh greater than {)urely eurvature losses. 

lYiifrssor Merriinan in hi^ Trea/iV on Ilydraulks has com- 
putetl from \\"eis!»at h's lornuila of tjo-clegree curve losses, the 
hdliaving values of j\ h.^r %*urious ratios ui curve radii to pipe 
<iianHlcrs: 

Ida* R d ■■ ■ 10 5 2 1.5 I 

/i 0,004 o.oaH o.oin 0.04 0.047 0.072 0.1,84 

Weislaicfds fi>riiiiila is muirately appHisthle only to l>en<ls in 
M'lKilI pipe's id sinouih inlrrhiT ainl frei* frmn joints. Frofe^ssor 
.Mrrriiiiaii has also iuniputcd the values frenn measurements 
made by Williams, llubbell and Fenkell, o,u tidnch and ^odneh 
casfdroi'i m’ater iriaiiis in Detroit, Mich. F<jr jodnch |>ipt% the 
values are: 

Fur R ii ■ 20 16 lo 5 4 2.4 

Ji ■ Q.op$ 0,047 0,047 0.0b o.ob2 0.072 

i'in«,I fur I idiii li pipe the valines are: 

For R, il ■ 4 i 2 i 

ji 0.05 0,0^1 o.o^t 0.2 

lliese values are possibly more accurate than Weisbaclds, 
because irf the- presence in the bends tested cd the rougher siir- 
bu rs and Joints inri with in prat lice. 

Ill 1 aide ici are given the |»ressure losses in pounds per .Hf|uar€ 
iiit h ill rllHnvs or short lierids. ’fhe lalde is based 011 Weisbadds 
furriiiila, ;i!id conversion to feet head may be made by multi- 
Itlyiiig Ity 2. SI. 
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Velocity. — Thus it is seen that, in making calculations of 
losses or com|)uting pipe sizes, it is necess;iry tluit the velocity 
(v) of water travel he known. In Formula (100), we have con- 
sidered the vekH'ity head, the friction ami the entramv losses, hut 
in actual prac tice the pipe line usually has el!)ows, valves, and 
often reductions in j)ipe diameter, d'o clerive a fonniila that 
will eml)ody all the essentials td practice, it is necessary that the 
losses calculated in h'ornuilas (102), (103) and (104), be added 

(105) 


(106) 


to (100), making the hUal head as follows: 

// h P II, f //, P //, + 11, 
Substituting the various ec|utvalents, we have 

// ■ 


f/y - f-C t //'/'“ 4 (V-’'- 


solving for ti wv have 


I I 


A 


jiL 


l-C’i/,'' 1 

a 


(107) 


For straight pipe without valves or ell>ows anti with standartl 
flush end entram e, the velocity is exjtressed liy: 


V 


Lii. 




(108) 


'Fhis is tlu! formula usually einployetl in velocity computations. 
It i.H (juite evident, however, that no direct calculations are 
possilde hecanse the friction factor / is necessjirily a function of 
the velocity, v. 'Ft* iipply the formula to any specific case, a 
scries of approximations or assumptions must l)c made until the 
value of / is in conformity with the tudculated value of v. In 
other wortls, we first jissume a value for /, 8u1>stitute in the for- 
mula and determine the velocity, »; next consult the table and 
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where 

fl'4 = head loss in feet; 

Cl = constant the value of which depends upon the area open 
to flow, 

. 

— = velocity head. The velocity v is that in the pipe and 

not that through the opening in the valve. 

From Weisbach’s experiments, the following valves of C have 
been computed. If a is the distance the gate valve is closed, 
then, 

For /y/// — nii ^ i 5 3 7 

rui: a/a — o g 4 g 2 8 4 8 

Cl == O 0.070.26 0.81 2.1 5.5 17 98 


Losses of Expansion or Contraction of Section. — Whenever 
the cross-sectional area in a water pipe is suddenly increased or 
decreased there occurs a loss of head due to formation of eddies. 
Sudden expansion or contraction of section may be regarded in 
the same manner as a partially closed gate valve in the line. 
The loss due to these causes is expressed by the formula: 

Hi = Ci— (104) 

where 


ffs = loss in feet; 

^ area of pipe r jj 

C2 = ^ r— for sudden expansion or 

area of contracted section 

1 area of contracted section » i , 

equals — : for sudden con- 

area of pipe 

traction; 

— = velocity head. For sudden contraction of area, v = 

velocity in the smaller area while for sudden expan- 
sion, V = velocity in the larger section. 


It is customary to use formula (104) as denoting the sum of the 
valve loss and sudden contraction losses. 


¥um (W wwiM i\ iili'.H 


I 


where, 

q ~ ru!>iV fret c»f wairr jH*r he*uii<i; 
cl iTtixs srtliuiiai area nl the jiipe iii sijiiare fee!; 
v = velen'ily in iVet jier and i> deteriniiird by iiietli*Mi 

jii.Nl prrvit'HisIy deatrified. 

¥ot a in Furriuita < we may siitistiuite it^ eijiiivalriit, | wd\ 
and fi)r r its eijuivaleiil. as written in Ivx|ireHHi«in iioijl 

then beeuiiies: 

q I mP — lllLj fiio) 

\ ' ' ' 


'I’liis esprrnsion hnlds f*>r straij^ht pipt- fm* from nirvt'H and 
valves, If thfsf latU-r am inslallvfl in tliv lint:, tin: fiirmtila 
cxprcssitiK cjuantily of dist hargt* hia 


I WiP 


1 


lilL, 


.,5 i /j I I <■. 


(««l) 


Th(> upplifatinn nf this fnrmnla is svlf fvitivnt. 

Pipe Dicmeter. By tniiispttsttiK iunl sttlvlng (nwj) for </, as 
follows, W€ have 


d* 



. a 

Ktr 


multiplying? through by d 

' ' IJ 


d *» d + //) C 

eg // 


(na) 


which givis the diameter of the pipe in feet when the values of 
the other symbols are kn«»wn. 

The ajtplication of this formula is quite similar to that for 
velocity. The usual method of procedure is: 



230 


PUMPING BY COMPRESSED AIR 


ascertain the value of / corresponding to the just calculated v. 
Solve the formula with the new value of / substituted therein. 
This will give a new value for Vj and the table is again consulted 
for a value of / corresponding to it. This operation is repeated 
until the tabular value of / is the same, or nearly, as that used 
in the formula. 

Suppose, for instance, that we have a 6-inch pipe line 2000 
feet long with a head of 10 feet, what is the mean velocity of 
discharge? Assume a value of 0.02 for /, and substitute various 
other values in formula (77) as follows: 


v = 


64.32 X 10 


1.5 + 0.02 


2000 

0-5 


2.79 feet per second. 


Referring to Table 16, the value of / for 6-inch pipe and 2.79 
feet per second velocity is 0.025. Substituting this in the 
formula we have: 


V = 


64-32 X 


10 


, 2000 

i.t^ ■+ 0.025 


Again referring to the table, the value of / for 2.52 feet per second 
is 0.0255. Substitute this value, and we have: 

^ = / 64.32 X 10 

, / , 2000 

V 1.5 + 0.0255— 

z; = 2.49+ feet per second. 

Referring to the table for the third time, the value of / is 0.0255, 
which is the value we have used. Therefore, 2.49 feet per second 
is the probable velocity. 

Capacity. — The discharge capacity of a pipe in cubic feet per 
second can be found by substituting in the formula 
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A 

Page 

Abrams table of compressor and pipe sizes for return-air installation 51 

Actual compression with clearance X64 

Adiabatic compression of air j (52 

Adiabatic compression, work of 16^ 

Advantage of complete over partial expansion 3 

Advantages claimed for displacement pumps 23 

Advantages of using compressed air for i)umi)ing 156 

Aeration, quality of water improved l)y thorough 157 

Air, actual compression with clearance 164 

adiabatic compression of 162 
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Air and steam, comparing the expansion of 12 
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Air compression at altitudes 173 
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Air compressor, diagram of types 393 
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inspecting and cleaning 200 

‘‘ installation and operation of 192 
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etiicicncy of, at different altitudes 172 

Peele’.H discussum on 392 

“ rating of 179 

uia-ititiHftictory ojK^rations and explosions due to improper in- 
stallation or negligent oi)eratkm 192 
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m 
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I. Assume/ = 0.02 and substitute in the formula; 

2* Neglect (1.5 d) in the right-hand member of the formula; 

3. Solve the formula, ascertaining an approximate value of d) 

4. Compute from q av the velocity corresponding to the 
approximate diameter; 

5. Refer to Table 16 and ascertain the value of / correspond- 
ing to the above pipe diameter and velocity; 

6. Substitute the new value of / and the approximate value 
of d in the right-hand member and solve. 

Repeat this operation until component factors, that is, / and 

agree or nearly so, and the result will be a diameter size that 
will satisfy the conditions. 

Design. — The remarks in the previous chapter pertaining 
to air-Hne design and construction apply also to water-line design 
and construction. Long water lines are usually made with cast- 
iron bell and spigot pipe laid beneath the ground surface to 
prevent freezing in cold weather. 
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Air-lift, test of, at Jackson, Miss 124 

theory of 96 

“ use of, for lifting fluids other than water 147 

“ well water improved by installation of 159 

Air-line design, proper method of procedure 216 

Air, loss of, due to valves, tees and elbows 213 
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“ loss of power by cooling of 218 
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Air pipe, effect of friction in 45 
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Air pump, Harris 152 
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“ “ functions of 195 
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Annular tube pump, Fertig’s patent 90 
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B 


Barones air-lift system 15 r 

Basic laws and formula of compressed air 160 

Ikisic principle of rtd,urn»air system 35 

Btmds and elbows, loss of water in. 225 

Boyle’s law 160 
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C 
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Charles’ law t6o 
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Cubic feet of air required to lift a gallon of water against various pressures. . 25 

Curvature losses of air, laws of. 225 

Curve diagrams for air compression, Richard^s 179 

Cylinder design 8 

Cylinder proportioning 4 

D 
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Kfficienry, gfXKi, obtainerl whrn t!if<i'hargc* vi-Itn'iiy h hmer than 
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